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Abstract 
Tissue engineering (TE) often involves the use of a biodegradable scaffold, 
capable of withstanding cell contraction forces in the early phase and subsequently 
supporting three-dimensional (3D) tissue formation [1]. Electrospinning is emerging 
as a popular scaffold fabrication method due to its relatively low cost and ease of 
generation of micro/nanoscale fibrous substrates which mimic the fibrils found 
within extracellular matrix (ECM) in certain native tissues [2]: providing inherently 
high surface area-to-volume ratios which encourage cell attachment, proliferation 
and ECM deposition, as well as subsequent growth until the tissues are totally 
restored or regenerated [3].  
An attractive aspect of the solution electrospinning process, where polymer 
delivered in a solution is electrostatically drawn into fibres, is that it offers great 
flexibility in the polymeric materials which can be processed: both biologically and 
synthetically derived polymers or hybrid combinations of these have been 
electrospun in regenerative medicine (RM) research [4]. However, the processing of 
polymers using solvents raises cell toxicity issues and solvent removal can prove 
technically challenging and expensive. Furthermore, controlled fibre arrangements 
are limited using current solution electrospinning approaches: where the unstable jet 
leads to highly dynamic and random fibre deposition and tightly packed 2D fibrous 
substrates. This restricts the ability to fabricate 3D microenvironments with 
controlled pore sizes and pore interconnectivity sufficiently large to promote cell 
infiltration over a volume relevant to a scaffold for tissue replacement or repair [4]. 
In contrast to solution electrospinning, melt electrospinning allows polymers to 
be processed in the absence of toxic solvents. Furthermore, the melt electrospinning 
jet is typically stable compared to solution electrospinning, which allows controlled 
fibre deposition [4]. 
The objective of this thesis was to develop and characterise an electrospinning 
technology platform that allows the design and fabrication of reproduceable 3D 
biodegradable polymer structures with well-controlled porous architectures. In this 
thesis, melt electrospinning is hypothesised to be a suitable process for the 
development of a new direct writing process by following additive manufacturing 
 iv 
 
(AM) principles. The continual controlled placement of melt electrospun fibres on 
top of each other, with filament and placement resolutions approaching submicron 
magnitudes, is demonstrated during the fabrication of TE scaffolds: which are shown 
to have porous architectures that are cell invasive and support the growth of different 
cell types in vitro. 
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Chapter 1: Introduction 
1.1 SCAFFOLD-BASED TISSUE ENGINEERING 
Scaffold‐based tissue engineering (TE) concepts often involve the combination 
of viable cells, biomolecules and a structural scaffold combined into a 
tissue‐engineered construct (TEC) to promote repair or regeneration of native tissue. 
The TEC is intended to support cell growth, migration, and differentiation, stimulate 
the development of native extracellular matrix (ECM) and guide tissue development 
and organisation into a mature and healthy state [3]. Cell proliferation and adhesion 
are dependent on the specifications of the scaffolds, such as surface chemistry, while 
scaffold porosity and interconnectivity impacts on cell migration, proliferation and 
ultimately differentiation [5].  
 
Figure 1.1. Scaffold-based TE: 1) cells are explanted from a human; 2) cultivated and expanded in 
vitro; 3) and seeded onto a scaffold. Growth factors or other suitable additives promote cell growth 
within the scaffold; 4) and the cell-scaffold construct is finally reimplanted into the host tissue; 5) to 
support the regeneration of damaged or diseased tissue [6].  
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Because this field is still emerging, the requirements for a scaffold are complex 
and still being developed. They may vary depending on specific tissue types and 
applications. However, as reported by Ekaputra et al. it is widely accepted that 
scaffolds in TECs have minimum essential requirements. They should:  
1. be biocompatible, with an architecture and surface properties that allow for: 
initial cell attachment and subsequent migration into and through the matrix, mass 
transfer of nutrients and metabolites, and provide sufficient space for development 
and later remodelling of organised tissues;  
2. provide sufficient initial mechanical strength and stiffness to maintain a 
degree of mechanical function of the diseased or damaged tissue;  
3. maintain sufficient structural integrity during the tissue growth and 
remodelling process in order to achieve stable biomechanical conditions and 
vascularisation depending on the tissue;  
4. possess degradation and resorption kinetics based on the relationships 
between required mechanical properties, mass loss and tissue development.  
5. the gross size and shape may be customised for a particular application and 
individual patient [7]. 
A TE scaffold can be built using a variety of advanced additive manufacturing 
(AM) and conventional chemical methods [8]. Examples of extensive reviews on 
scaffold fabrication techniques include those by Hutmacher et al. [5] and more 
recently, Dhandayuthapani et al. [3]. However, current fabrication approaches lack 
either the filament resolution or control over porous architecture relevant to a 
biomedical device for tissue replacement or repair [4].  
Conventional scaffold fabrication techniques are based on chemical processes 
and include: solvent casting and particulate leaching [9-11]; gas foaming [12-14]; 
and phase separation [15, 16]. However, these processing methods are incapable of 
precisely controlling pore size, pore geometry, pore interconnectivity, spatial 
distribution of pores and construction of internal channels within the scaffold to 
promote cell infiltration in 3D [17]. In addition, many of these techniques exploit 
organic solvents as part of the process to dissolve synthetic polymers. This is a 
significant problem if cells are exposed to toxic and carcinogenic residual solvents 
[18].  
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Solid free form fabrication (SFFF) technologies have recently been introduced 
within TE and include 3D printing [19-21], stereolithography (SLA) [22-24], fused 
deposition modelling (FDM) [25-28], selective laser sintering (SLS) [29-31] and 
direct writing [32, 33]. As reviewed in detail by Bartolo et al., SFFF is a common 
name for a number of advanced additive manufacturing (AM) techniques in which 
complex structures are constructed in a layer-by-layer manner according to 
computer-aided design (CAD) data [34]. In particular, AM techniques which are 
based on the controlled deposition of molten material extruded through a 
nozzle/orifice [32]. Although these techniques involving biocompatible/degradable 
polymers provide precise control over key scaffold architectural features such as pore 
size, pore geometry and interconnectivity to create an environment promoting cell-
invasiveness and growth [5], they currently lack the filament resolution (~5 μm) and 
thus high specific area required when trying to mimic some the physical 
microenvironment of native ECM. Processes such as FDM and direct writing are 
typically limited to a filament resolution of approximately 100 μm [33] due to the 
high pressures required to extrude molten polymer through a fine nozzle; where the 
filament diameter is controlled by the inner diameter of the nozzle. 
1.2 ELECTROSPINNING IN TISSUE ENGINEERING 
Electrospinning, also known as electrostatic spinning, is a polymer fibre 
fabrication process which is typically referred to as a random-type production 
method due to the nonwoven fibrous substrates it typically produces. It is similar to 
FDM and direct writing techniques in the sense that a fluid (normally a polymer 
solution or alternatively a polymer melt) is continuously extruded through a fine 
nozzle known as a “spinneret”. However, whereas in the former cases the emerging 
fluid is directly deposited onto a moving collector surface (allowing a large degree of 
control over the creation of the resulting structures), electrospinning involves adding 
a separating distance between the spinneret and the collector. A high voltage (HV) 
potential is applied to the spinneret which  electrically charges the emerging polymer 
and causes it to be electrostatically drawn as a jet towards the collector [35]. Initially 
the polymer jet travels in a straight flight path towards the collector and begins to 
solidify. At the same time, the charged jet interacts with the driving electric field. 
The reduced viscosity of a polymer in solution means that the surface tension of the 
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jet provides a low threshold of resistance to any Rayleigh instabilities becoming 
exaggerated by charge interactions with the electrical field. Such bending instabilities 
cause the jet to be accelerated laterally to the original direction of motion, increasing 
the travel distance and causing the path to become more and more unpredictable. 
During this “whipping” process, the jet is significantly elongated. Solidified uniform 
fibres with reduced sub-micron scale diameters (up to 5 orders in diameter reduction 
from the diameter at extrusion from the spinneret) are eventually deposited, in a 
chaotic manner, over a relatively large surface area to create a nonwoven fibrous 
mesh [36].  
Solution electrospinning has attracted interest in the TE community since 2001 
when it was first proposed as a scaffold fabrication technique because of the readily 
available and low cost ultrafine fibres which can be fabricated from a broad range of 
polymeric materials: both biologically and synthetically derived polymers or hybrid 
combinations of these have been electrospun in regenerative medicine (RM) 
research. Such fibres closely resemble those in ECM found in native tissue; 
providing high porosity, pore interconnectivity, and large specific area which makes 
them highly conducive to cell attachment and growth [37]. The apparent advantages 
of electrospun nanofibers over microscale fibres in TE, due to unique properties 
attributable to the nanoscale effects, were extensively reviewed by Li et al. [38] and 
summarised below:  
1. The high surface area-to-volume ratio of nanofibrous scaffolds enhances 
adsorption of adhesion molecules such as vitronectin and fibronectin which are 
important for cell adhesion to the scaffold.  
2. Nanofibers being smaller by two-orders than a cell, create an environment 
that resembles ECM favourable for cell interactions.  
3. There is evidence, that nanofibrous scaffolds provide a favourable 
environment for proliferation and maintenance of certain cell phenotypes.  
4. Stem cells maintained in nanofibrous scaffolds can be induced to 
differentiate into different cell lines, thus offering the possibility of engineering 
complex tissue consisting of different cell lines starting from a single stem cell line.  
5. It appears that nanofibrous scaffolds can provide physical as well as spatial 
cues that are essential to mimic natural tissue growth. 
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However, Rnjak-Kovacina and Weiss report that recent studies have shown 
that the relationship between fibre diameter and cellular interactions is much more 
complex, especially at a microfibre scale [39]. A number of groups have found 
superior cell proliferation on microfibres compared with nanofibers [40-43]. Cell 
growth kinetics decrease with increasing fibre diameter on nanofibers, but not on 
microfibres [42]; whereas human cells can attach and organise well around fibres 
with diameters smaller than those of the cell [44, 45]. Further, most studies 
investigating the relationship between cell interactive properties and fibre diameter 
were performed on synthetic polymers that have no inherent cell interactive groups. 
Cell attachment on such scaffolds is likely to depend on adsorption of cell interactive 
proteins, such as vitronectin and fibronectin, from fetal calf serum [46]. Nanofibers 
have larger surface area to volume ratios that promote higher protein adsorption and, 
therefore, accelerate cell attachment [42]. Additionally, one study has found that 
mesenchymal stem cells (MSCs) attach best to PCL fibres with diameters of 2.6 μm, 
compared with 0.3 and 5.2 μm. Such findings suggest that the relationship between 
cell interactive properties and fibre diameter of electrospun scaffolds is much more 
complex than was originally thought and should be explored for each scaffold and 
cell type individually. 
While the influence of fibre diameter on cellular behaviour has started to be 
extensively studied, the effect of differing pore sizes is not so clear. It is recognised 
that cellular infiltration into the scaffold is essential for a range of TE applications 
and is particularly important in skin and musculoskeletal engineering. Pore size, 
porosity, and pore interconnectivity dictate the extent of cellular infiltration and 
tissue ingrowth into the scaffold; influence a range of cellular processes; and are 
crucial for diffusion of nutrients, metabolites, and waste products [39, 47]. For cell 
migration or infiltration to occur, the pore size of a scaffold should at least be the size 
of a cell [48]. However, due to varying cell sizes across cell types the optimal pore 
size for cell attachment, proliferation, and migration is not constant but varies from 5 
to 500 μm [49]. For cellular growth and vascularisation in bone, pore sizes of  >300 
μm have been recommended [50], while fibroblasts have been shown to prefer a pore 
size of 6 - 20 μm [51]. The inherently small pore diameters of solution electrospun 
scaffolds (reported as low as 100 nm [37, 52, 53])  are smaller than that of cells and 
as such act as a barrier to cellular infiltration and tissue ingrowth [54].   
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On a traditional flat-plate collector, the grounded charge is spread uniformly 
over a large area. As a result, a group of fibres is deposited side-by-side in one layer, 
and each subsequent layer is deposited on top of the existing layers. However, each 
layer is still strongly attracted to the grounded collector, thus compressing the layers 
below. This creates a flat, sheet-like structure with densely packed fibre layers and 
superficial, planar pores, which do not continue deep into the scaffold. While the 
accumulated fibrous layers do provide a thickness to the scaffold, the lack of space 
between adjacent layers essentially creates a 2D scaffold, especially since cellular 
growth and infiltration are limited to the superficial layers, where cells tend to grow 
only on the surface as a monolayer [40]. 
An important study by Mikos and colleagues demonstrated that, assuming 
randomly deposited fibres on a flat stationary collector, fibre diameters must be at 
least 4 μm to design and fabricate an electrospun scaffold with a pore size of at least 
20 μm in order to promote cell invasion and growth [40]. With this in mind, recently 
there has been a move away from using nonwoven electrospun substrates where the 
fibres are randomly deposited in order to develop cell invasive TE scaffolds. It has 
been observed that ordered and aligned fibres are preferential in TE, amounting to 
guided cell growth [55]. Various configurations have been explored by 
electrospinning researchers with varying degrees of success to discretely position and 
place fibres in specific locations and patterns. As well as guiding cell growth, this 
opens up opportunities to increase the pore sizes of such constructs, and therefore 
promote cellular infiltration while using submicron diameter fibres [39]. Methods 
investigated by electrospinning researchers to improve fibre alignment have 
included: manipulating the electric field in an attempt to control the flight of the 
charged electrospinning jet [56-60]; introducing a rotating collector/mandrel into the 
experimental setup and then removing the wound mesh and flattening it out [61-71]; 
or combining these two approaches [55, 64, 72-76]. Specific approaches to increase 
pore size include: the use of patterned electro‐conductive collectors, either in the 
form of ridges and indentations or grids with pores in between, which act as 
templates to form patterned 2D solution electrospun meshes [2, 77, 78]; collecting 
fibres onto liquid media [79-81]; or postelectrospinning modifications, which involve 
the adaptation of hydrogel modification techniques, where the polymer of interest is 
co-electrospun with another sacrificial polymer. The sacrificial polymer is then 
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dissolved away in a solvent that has no effect on the structure of the polymer of 
interest [82-85]. 
Although scaffolds with improved fibre alignment and a broad range of pore 
sizes from 10-931 μm [39] have been fabricated, precise control over interfibre 
spacing or the the ability to create complex patterns remains elusive as there is still a 
degree of randomness in the approaches described above [77, 86, 87]. In solution 
electrospinning, the build‐up of electrostatic charges on the deposited fibres and/or 
the collector causes a loss of control of fibre location over time before the structures 
obtain any relevant thickness to be classed as a 3D TE scaffold [36]. Furthermore, it 
is currently reported that the fibres forming these structures are very loosely 
connected, rendering them unsuitable for applications where structural integrity is 
required [36]. Thus, the conditions required to form 3D structures with well defined 
porous architectures using solution electrospinning are still unclear. 
Recently, improved control over solution electrospun fibre deposition has been 
achieved by adopting AM principles with a computer-controlled translating collector 
and short spinneret to collector distances to avoid bending instabilities in the jet [66, 
88-90]. However, these methods have been limited to extremely small amounts/areas 
of deposition and the removal of accumulated solvent is a significant issue for mass 
production, becoming more challenging as the spinneret to collector distance is 
reduced. Although Chang et al. [87] and Hellman et al. [91] reported a similar 
method to control the location of fibres over a larger area, only a single layer of 
oriented fibres was demonstrated and hence the difficulty to fabricate constructs with 
a thickness relevant to TE applications remains. Added to concerns of cell toxicity 
due to residual solvent in solution electrospun fibres, these issues are currently 
limiting the full potential of solution electrospinning as part of a 3D scaffold-based 
TE concept. 
1.3 MELT ELECTROSPINNING 
Ever multiplying needs for a cheaper, more environmentally friendly and safer 
alternative to solution electrospinning increases the demand to understand the 
feasibility of electrospinning from a polymer melt, where very little research has 
been performed. For clinical use, volatile (and often toxic) solvents often used in the 
preparation of electrospun fibres require removal before contact with cells. For 
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methods where the simultaneous deposition of cells and fibres (or fibres deposited 
directly onto/into the living body) are desirable, the issue of residual solvent (and 
therefore toxicity) remains [18]. Melt electrospinning offers a new approach to 
overcome these technical restrictions, where FDA approved polymers such as poly(ε-
caprolactone) (PCL) can be processed in their pure form. Although melt 
electrospinning has been performed with only a fraction of the different polymers 
that have already been used in solution electrospinning, polymers which are difficult 
to dissolve such as polyolefins and polyamides can be processed in their melt form.   
The behaviour of an electrostatically charged polymeric jet is very different 
between a solution and a melt. In solution electrospinning, electrostatic bending 
instabilities occur close to the spinneret, creating difficulties in controlling the 
deposition of fibres so that they result in defined structures. Alternatively, by 
electrospinning high viscosity and non‐conductive polymer melts, the initial straight 
part of the jet can be prolonged because the increased surface tension of the jet 
dampens any bending instabilities and reduces the accelerating influence of the 
electrical field [92]. The first consequence of this difference is that melt electrospun 
fibres are slightly larger than solution electrospun equivalents because there is no 
secondary elongation of the jet due to the bending instabilities. While solution 
electrospun fibres are typically between 200 nm and 2 μm (where 200 nm diameters 
approach the scale of fibrils found in native ECM), melt electrospun fibres are 
typically between 2 μm and 20 μm. The larger diameter fibres resulting from melt 
electrospinning is probably why few studies on this variation of electrospinning are 
available in the literature, where historically it has been accepted that nanofibers 
accelerate and increase cell adhesion and proliferation compared with their 
microscale counterparts; although recently a number of groups have found superior 
cell proliferation on microfibres compared with nanofibers [40, 41, 43]. However as 
shown by Mikos, the larger diameters of melt electrospun fibres offers the potential 
to create truly 3D structures with increased pore sizes which are cell invasive, so far 
unobtainable using solution electrospinning [4]. 
The second consequence of prolonging the straight path of the electrospinning 
jet by using higher viscosity polymer melts is that deposition onto the collector 
becomes more focussed. In addition, the speed of the jet is reduced, making the 
process more controllable than solution electrospinning. It was hypothesized that 
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these characteristics allow the development of a new direct fibre writing technology 
platform using a biodegradable polymer. By introducing a translating collector into 
the process, this approach is similar in concept to direct writing AM processes; 
which involve the extrusion of molten material through an orifice which is then 
deposited directly onto a computer-controlled translating collector as a continuous 
filament. Sequential movements of the collector platform according to a predefined 
scaffold design control the deposition of the filament to create the architecture of a 
single layer of a construct. Using a layer-wise approach, successive layers of the 
filament are stacked on top of each other (where the molten material fuses at 
crossover points) to build a 3D construct. By precisely controlling fibre placement as 
each layer is written, the porous architecture can be controlled to a degree not 
achievable with solution electrospinning. 
Whereas in direct writing AM processes the final diameter of the filament is 
largely determined by the diameter of the orifice [93], in melt electrospinning the 
addition of electrostatic drawing to the filament once it has been extruded from the 
nozzle means that in principle this process will always offer finer filament 
resolutions; bridging the gap in fibre scale between direct writing processes and 
solution electrospinning. The overall aim of this Ph.D. project was to develop a 
robust microfibre writing technology platform capable of producing porous 3D 
structures that are precise to the micron scale and widely applicable within TE or as 
biomedical implants. 
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1.4 HYPOTHESIS 
The computer-controlled translation of a flat or rotating collector, transverse to 
the flight path of the melt electrospinning jet, enables the discrete and continued 
placement of melt electrospun fibres to fabricate 3D fibrous architectures that are 
precise to the micron scale. 
1.5 THESIS OUTLINE 
The research problem of this thesis involves the development of a melt 
electrospinning device which allows the design and fabrication of scaffolds for TE 
applications, in order to address the following aims: 
 understanding and optimising the processing parameters involved in melt 
electrospinning jet/fibre formation 
 characterising and understanding melt electrospinning fibre deposition 
phenomena on stationary and moving surfaces (flat and tubular surfaces) 
 designing, fabricating and characterising scaffolds, investigating the 
suitability of such constructs for TE 
In this thesis, Chapter 1 introduces the background, rationale and aims of 
developing scaffolds made from precisely arranged melt electrospun fibres for 
applications in TE. Chapter 2 reviews the literature on this topic, reporting: the 
principles of the electrospinning technique;  theoretical modelling of the fundamental 
physical phenomena underpinning the melt electrospinning process, including 
relationships between polymer properties and processing parameters; device 
configurations which have been explored to fabricate fibres with uniform 
morphologies and controlled fibre deposition; similarities and differences to other 
fibre formation technologies as well as a comparison with current AM direct writing 
processes, leading to potential applications for the process in industry. In addition, 
the use of melt electrospun fibrous scaffolds in TE research is reported. 
The results of the first research aim are presented in Chapter 3, where a melt 
electrospinning device is developed which generates a stable melt electrospinning jet 
with a focused jet flight path and allows reproducible melt electrospun fibre 
production. Key processing parameters and suitable ranges of processing conditions 
are identified to create a stable melt electrospinning jet, using a bioinert polymer, 
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poly (ε-caprolactone) (PCL). A method which allows rapid fibre characterisation, to 
assess the influence of varying process operating parameters on fibre size and 
morphology, without the need to interrupt a melt electrospinning experiment is 
investigated; allowing the production and optimisation of melt electrospun PCL 
fibres with consistent morphology and diameters approaching submicron 
magnitudes. To provide the foundation for a direct writing process, the deposition 
behaviour of the melt electrospinning jet is characterised, initially on stationary 
collection surfaces. In addition, fibre collection phenomena are investigated on 
varying collector substrates to assess the effects of charge dissipation from the 
collected fibres using different collector materials and the influence of the structure 
of the collector on fibre deposition. The next step involves incorporating a computer 
controlled x-y stage into the design of the melt electrospinning machine, where 
preliminary experiments are conducted to observe the effects on fibre deposition 
when a collector substrate is translated laterally to the path of the melt 
electrospinning jet. 
Chapter 4 presents the results of an optimised TE scaffold design 
methodology based on an improved understanding of the deposition behaviour of the 
melt electrospinning jet, while compensating for writing with a continuous 
viscoelastic fibrous line. Combinations of key melt electrospinning process 
parameters are varied to investigate and characterise the relationship between melt 
electrospinning jet speed/fibre diameter and deposition behaviour on a flat surface 
moving at different speeds. Optimal collector translation speeds are investigated for 
the controlled deposition of melt electrospun fibres for a range of diameters from 
single micrometre magnitudes to 50 μm. An algorithm is developed which enables 
melt electrospun fibres to be deposited as a series of parallel fibrous lines, where the 
spacing between the lines can be controlled. Through the sequential overlay of layers 
of parallel lines (where the orientation of each layer is varied from the previous 
layer), once the next layer is overlaid with a different orientation, the pore size and 
shape of the scaffold is defined. Scaffolds are fabricated for the first time using PCL 
fibre diameters approaching single micron magnitudes, with varying periodic 
geometric pore designs. The effects of inter-fibre spacings and patterns on pore size 
and architecture are assessed, as well as the thickness of scaffolds which can be 
produced with controlled fibre deposition. 
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To further test the operation of the melt electrospinning writing (MEW) 
machine and the efficacy of melt electrospun fibres in a TE application, Chapter 5 
details the design and fabrication of porous, cell-invasive PCL scaffolds for use as a 
dermal substitute in an in vitro skin model. The pore morphology of melt electrospun 
fibrous substrates is characterised and compared, using two different fibre collection 
approaches: firstly, fibres are collected onto a flat stationary collector, to create 
nonwoven fibrous substrates; and secondly, a moving collector is programmed to 
create substrates with ordered fibrous patterns based on a series of interlaced 
diagonal lines. This updated scaffold design approach is explored in an attempt to 
improve the efficiency of the MEW process, by minimising time spent changing 
direction during writing of a geometrical pattern. 
Chapter 6 investigates the ability to direct write melt electrospun fibres onto 
rotating tubular collectors. The design and fabrication of a new type of flexible 
porous tubular structure, by depositing melt electrospun fibres onto a tubular 
collector which is rotated and translated back and forth, laterally to the path of the 
melt jet is described. Relationships between the relative speeds of collector rotation 
and translation with the speed of the melt jet and the effect on fibre winding angle 
are investigated. The influence of winding angle on scaffold pore morphology (e.g. 
size, shape, number and porosity) and mechanical properties of the tubular structures 
is investigated as tubes with varying micropatterns are fabricated.  A finite element 
model is established as a predictive design tool (where winding angle can be varied) 
and validated against mechanical testing results of fabricated melt electrospun tubes. 
The scaffolds are characterised in terms of their ability to support cell growth in 
vitro, using three different cell types. To conclude, Chapter 7 summaries the 
findings of the thesis and provides an outlook on the research topic, looking to the 
future. 
1.6 NOTES 
This thesis is presented by publications, where chapters 4, 5 and 6 have already 
been published, chapter 3 is in press and chapter 2 is in preparation. Due to the 
layout required for thesis by published papers, a few alterations from the published 
versions have been made for ease of the reader. These changes include:  
 renumbering of figures and tables,  
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 change of American spelling to British spelling,  
 compilation of all references into one combined list for the entire thesis,  
 homogenisation of abbreviations and units for consistency,  
Key elements of the MEW technology platform (machine hardware and design 
details; software algorithms and code; TE scaffold design and fabrication 
methodologies) that were developed as part of this project and provide the basis for 
the results published in Chapters 4, 5 and 6 have not been disclosed in this thesis as 
they are currently being assessed by QUT as protectable IP. 
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2.1 INTRODUCTION 
The electrostatic drawing (electrospinning) of polymer fibres is a unique 
technology for the fabrication of one-dimensional (1D) nanostructured functional 
materials (Figure 2.1) [94-96]. While nanorods and nanotubes offer fibre lengths 
from 100 nm to tens of microns, in principle, electrospun fibres  can be kilometres in 
length [35, 97]. 1D nanostructured materials have attracted rising scientific and 
industrial interest due to their promising applications in diverse fields such as: air and 
water filtration [98]; medical areas such as drug delivery [99-102], tissue engineering 
(TE) and regenerative medicine (RM) [103-105]; as well as technical areas relying 
on nanofibers with specific photonic, electronic, photocatalytic and magnetic 
properties [106-108]. Fuel cells, lithium ion batteries, solar cells, electronic sensors 
and energy storage systems are reported to benefit strongly from the 1D-
characteristics of an ultrafine fibre; where the highly orientated structural elements 
along the length of the fibre strongly restrict material and electronic diffusion 
distances perpendicular to the fibre axis [108]. Presently a range of fabrication and 
synthesis methods for such materials exists, including polymerisation against porous 
templates [109], self-assembly [110], melt-blowing [111], and various patterning 
approaches belonging to soft lithographies [112]. Although these technologies enable 
laboratory scale production of 1D organic nanostructures and polymer fibres, 
electrospinning offers both unrivalled operational simplicity in the laboratory, as well 
as the potential for effective up-scaling, heralding avenues for industrial production 
[113].  
Electrospinning is a dry spinning fibre forming process based on an 
electrohydrodynamic (EHD) phenomenon that uses electrostatic force to draw fibres, 
in the form of a liquid jet, from a polymer solution or melt. Fibre formation from the 
liquid is entirely physical, either by loss of solvent or freezing of the melt jet, 
allowing the manufacture of a continuous ultrafine fibre. Significantly, relatively 
large volumes of material (up to several litres of polymer solution) can be processed 
without interruption. Since the fibre deposits continuously onto a collector, this 
allows the formation of thin, two-dimensional (2D) nonwoven films (Figure 2.1) 
with the unique properties provided by a nanofiber architecture. Such nonwoven 
meshes offer extremely high surface-area and tuneable porosity of up to 90% [114, 
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115] and their use in the manufacture of highly efficient filters is a well-established 
industry [116]. 
 
Figure 2.1. Various kinds of nanomaterials: A) 1D nanofibers, wires, and rods; B) 2D films, plates, 
and networks; C) 3D nanomaterials [117]. 
Though it has long been appreciated that electrospinning can be performed on 
polymer melts as well as polymer solutions [4, 118-120], there has been significantly 
less (and comparatively recent) research into melt electrospinning because the 
yielded fibres generally have larger diameters compared to solution electrospinning. 
In fact, over half of the melt electrospinning literature has been published since 2010. 
Even with this recent increase in publications, melt electrospinning contributed to 
less than 1% of the overall electrospinning literature in 2011. In the fibre formation 
industry, melt electrospinning has traditionally been bypassed in favour of processes 
such as melt spinning and melt blowing due to economies of scale [113]. However 
during the last decade, a number of publications demonstrated that obtaining melt 
electrospun fibres with single-micron and submicron diameters is possible [92, 121-
125]. Furthermore, there is compelling rationale for electrospinning fibres from the 
melt in certain applications where the absence of solvent provides benefits in 
addition to higher throughput and lower cost than compared to solution 
electrospinning.  
The ability to align and pattern 1D nanostructures into highly ordered arrays 
and complicated architectures is a prerequisite for integrating them into large-scale 
functional devices such as high performance optoelectronic devices and circuits. One 
of the drawbacks of solution electrospinning is that the electrically charged jet is 
often unstable during flight (when the lowered viscosity of the polymer in solution 
cannot suppress repulsive coulombic charge interactions), and causes fibre 
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deposition to be inherently randomised [35]. This leads to technical challenges where 
structures with controlled fibre arrangements, rather than a nonwoven, are required. 
Today, a significant proportion of solution electrospinning research is focussed on 
creating ordered fibre deposition, with limited success. In contrast, an important 
phenomenological aspect of melt electrospinning is that the flight path of the melt jet 
is stable (where the viscosity of the polymer melt is sufficient to suppress repulsive 
coulombic charge interactions), and therefore fibre deposition is reasonably 
predictable. This may allow improved control over fibre placement compared to 
solution electrospinning and other nonwoven fibre forming processes such as melt 
blowing [4, 126]. 
In biomedical applications, residual solvents in solution electrospun materials 
are toxic to cells and tissues [18]. The inherent complexity and cost required to 
extract solvents during solution electrospinning, and post-processing, is undesirable 
and can be problematic [18, 121]. Melt electrospinning provides an alternative where 
medically approved biologically inert polymers can be processed “as is”. For the 
development of biomedical devices such as TE scaffolds, this means that the 
regulatory approval timeline for such devices can potentially be reduced. This key 
factor has been largely responsible for the resurgence of research interest in melt 
electrospinning in the biomaterials field [127]. 
At the same time, the biomaterials community has largely embraced the rapidly 
emerging additive manufacturing (AM) phenomenon where three-dimensional (3D) 
printing technologies such as direct writing (DW) facilitate the production of 
polymer structures with unparalleled complexity, control and reproducibility 
compared to traditional chemical and fibre production methods [17, 128]. In solution 
electrospinning, residual repulsive charge on the collected fibres compromises the 
ability to fabricate substrates with consistent density and thickness. In addition, the 
amount of fibrous layers which can be fused together is limited, and therefore the 
effective thickness of such substrates is often less than 1 mm. In contrast, the melt 
electrospinning jet appears stable, with a more predictable flight path, exhibiting 
many of the characteristics of melt-extrusion based AM processes.  
Ever multiplying needs for more environmentally friendly and safer 
manufacturing alternatives increases the demand to understand the feasibility of 
electrospinning from a polymer melt where very little research has been performed. 
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Currently, with less than 80 published articles, the field of melt electrospinning 
research is truly in its infancy. There are indications though that melt electrospinning 
might be applied effectively to certain applications: where highly ordered structures 
approaching the nanoscale are required; and in the absence of solvents, certain 
organic polymers can be processed in unique ways. This review paper provides an 
overview of melt electrospinning in the historical context of traditional 
electrospinning methods, including established research which describes the process 
through experimental observation as well as mathematical models. A comprehensive 
and up to date list of the polymers which have been melt electrospun is presented, as 
well as a discussion on their suitability to be processed using this technique. The 
flexibility of the melt electrospinning process is demonstrated, where various device 
configurations developed by researchers are described, as well as their influence on 
system operating parameters and processing conditions. Such conditions are 
compared with other fibre forming processes such as melt blowing and AM 
processes such as melt extrusion-based DW, to highlight synergies between the 
various processes as well as opportunities to take advantage of the unique benefits of 
melt electrospinning for the creation of new products such as TE scaffolds and other 
high-end applications. 
2.2 HISTORICAL PERSPECTIVE 
A recent and extensive review by Tucker et al. outlines the inventions and 
discoveries which have led to the development of the electrostatic production and 
drawing of fibres commonly referred to as “electrospinning” [129]. In 1600 the 
English physician W. Gilbert first recorded the EHD phenomenon that a water drop 
sitting on a dry surface became electrically charged when a piece of rubbed amber 
was held in its proximity, causing it to deform at the liquid–air interface into a 
conical shape now known as a Taylor cone [130, 131]. Following further 
observations of how a charged water jet rapidly generates separated drops [132-134], 
it was not until the beginning of the 20th century that Zeleny performed the first 
systematic studies on EHD, where he described the discharge (electrospraying) 
processes from electrified predominantly Newtonian liquid surfaces by a 
needle/capillary apparatus and linked the nature of solvent, high voltage (HV) and 
flow rate to the spray [135, 136]. 
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It was also around this time that the commercialisation potential of EHD 
processes was recognised, where the first devices to spray liquids through the 
application of an electrical charge were patented by Cooley and Morton, in 1902 and 
1903 Morton [137-139]. In 1929, Hagiwaba et al. described the fabrication of 
artificial silk through the use of electrical charge [140]. However, the crucial patent, 
in which the electrospinning of plastics was described for the first time in the US by 
Formhals, appeared in 1934 (and can be traced back to a German patent filing in 
1929) [141]. Despite these early discoveries, none of these early patents could be 
finalised by commercial application, most probably due to the lack of 
characterisation equipment suitable to investigate the sub-millimetre features of the 
physical processes involved and of the fibrous structures generated [116]. 
Developments in the production of electrospun fibrous materials for industrial 
applications advanced much faster in the former USSR, where by the late 1930s the 
first industrial facility for Petryanov filters used in gas masks was established [142]. 
The factory output capacity is believed to have reached an equivalent of 6.5 kg h
-1
 
during the 1950–1960s [143, 144], although until recently information related to the 
production of these filters never circulated outside USSR because it was considered a 
military secret in view of possible use for protection against radioactive aerosols 
[142]. In the 1970s, Simm et al. patented the production of fibres with diameters of 
less than 1 μm [95]. However, this work, which was followed by other patents, also 
remained unnoticed in the West. Not until the 1980s were the first commercial 
products based on submicron diameter fibres introduced by Donaldson Co., Inc. into 
the United States [145, 146] and in 1989 microfibres were produced by DuPont 
[147]. Electrospun fibres were first commercialised for filter applications, as part of 
the nonwovens industry in 1991 [95]. 
Electrospinning from a solution had been largely overtaken by other fibre 
fabrication technologies until the mid-1990s where the activities of the Reneker 
group who recorded and reported on the high added-value of the resulting organic 
nanomaterials [35, 148, 149] led to substantial academic attention of the method in 
nano-scale material research. Mathematical models formulated to examine Taylor 
cone formation [150] and polymer jet emergence [118] have been further developed 
to describe the asymptotic decay [151], stability [152, 153] and bending of the jet 
[154]. The dependence of fibre surface features such as beading and porosity on 
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choice of polymer, polymer solution concentrations and process variables has also 
been investigated [155]. 
Solution electrospinning research has continued to grow, as demonstrated by 
the constantly increasing rate of journal articles in Figure 2.2A. Agarwal et al. report 
that more than 2000 journal articles are published on electrospinning of polymers 
annually [108]. Research is widespread to many countries with USA, China, and 
South Korea involved in approximately 70% of published items, followed by Japan, 
Germany, and Singapore (Figure 2.2B). An important distinction from most 
nanotechnology fabrication approaches is that many developing countries participate 
in this huge research effort, thus further confirming the absence of significant 
technology (and cost) barriers to entering this field [116].  
Different geometrical modifications of the basic set-up equipment or post-
processing treatments have been proposed, for achieving improved electric-field 
uniformity and enhanced control over inter-fibre positional ordering and intra-fibre 
molecular alignment [76, 156-158]. Furthermore, an enormous variety of materials 
and solvents have been combined in order to tailor specific properties and 
functionalities of electrospun products [97, 159]. However, accumulation of the 
evaporated solvent in solution electrospinning can affect fibre quality, limit the 
control of experiments due to the necessity for configurations in well-ventilated areas 
[121] and pose solvent recycling challenges in industrial applications [160]. In fact, 
one of the great challenges for solution electrospinning is the transition to industrial 
production. Although this field is majorly driven from a nanotechnology perspective, 
the observation should be made that most publications show fibre diameters in the 
submicron but not nano range, where the National Nanotechnology Initiative defines 
nanotechnology as the manipulation of matter with at least one dimension sized from 
0.1 to 100 nm [36]. 
Having surveyed patents issued in the United States from 1976 up to end 2006, 
Chan et al. revealed that a large number (75%) of the issued patents on “nanofibers” 
were directed at either fabrication methods for nanofibers or the use of nanofibers to 
enhance the performance of existing filtration systems [161]. A more recent patent 
survey by Persano et al. shows a significant increase in the number of issued patents, 
with almost one thousand patents published in the last decade (Figure 2.2C) [116]. 
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Figure 2.2. Statistics of published research articles and patents about electrospun polymer nanofibers. 
A) Number of journal papers published yearly (keywords:‘‘polymer’’, ‘‘nanofibers’’ and 
‘‘electrospinning’’, Web of Science Database). Source: Thomson Reuters Web of Knowledge. B) 
Number of published articles per country/territory (Top-15 results reported). C) Yearly published 
patents on polymer nanofibers made by electrospinning (keywords: ‘‘polymer’’, ‘‘nanofibers,’’ and 
‘‘electrospinning’’, as provided by WIPO-PATENTSCOPE. D) Geographical distribution of 
published patents. E) Published patents per main applicant company or institution (top 10 results 
reported) [116]. 
The top patent owners include both companies such as DuPont (6%) and 
Donaldson (4%) as well as universities such as The University of Akron (Figure 
2.2E). In addition to filtration [149], reported potential applications of 
electrospinning include protective clothing [162] and composite reinforcement.[163] 
Limitations in the process due to difficulties in fabricating sufficient quantities of 
fibre for substantial large scale articles in a reasonable time scale were apparent [36], 
with the acknowledgment that scalability issues in manufacturing were being 
addressed [164]. New interesting perspectives can emerge for nanofibers in the fields 
of renewable energy sources, such as in photovoltaic devices, and in energy storage 
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and management, such as in battery separators [165-168]. Furthermore, it was 
highlighted that biomedical and healthcare applications require relatively small 
quantities of electrospun fibres and are an increasingly popular area of investigation 
as a source of cost-effective, easy to manufacture wound dressings, implant 
interfaces, drug delivery devices, scaffolds for biomaterial devices or tissue 
substitutes and cell culture applications [155]. 
There remains room for improvement when looking towards process scale-up 
of most current solution electrospinning technologies. For example, the length of 
electrospun nanofibers achievable for many classes of materials is still limited to 
millimetres, which is not useful for most technical applications. Furthermore, the 
reproducibility and accuracy of fibres in the production stage in many cases requires 
improvement. Industrially produced electrospun nanofibers reach a dimensional 
spread of the order of ten percentage points or worse among nominally identical 
samples. These aspects are understandable given the general reliability issues 
inherent to most nanofabrication approaches dealing with soft materials and organic 
solutions [116]. 
In the case of solution electrospinning, the complex physical behaviour of 
electrified jets and the degree of material/solvent, process and environmental 
parameters makes process optimisation challenging: often due to poor viscoelastic 
behaviour, lack of sufficient molecular entanglements, limited solubility, and, more 
generally, because only a few processing parameters can be chosen directly [113]. In 
addition, some of the involved parameters are either highly interdependent or derive 
from the properties of the used polymer solution. Therefore, a major challenge 
related with the mass production of truly nanofiber fabrics is the implementation of 
methods which increase process and product reproducibility as well as extend the 
classes of processable materials. Electrospinning from the melt has been investigated 
to a lesser extent, because it typically results in larger diameter fibres than from 
solution. Recent publications demonstrate that melt electrospinning fibres with 
single-micron and submicron diameters is possible [92, 121-125], though to date 
there have been no reports on the mass production of submicron fibres from melt 
electrospun polymers [160]. 
Melt electrospinning was first described in a patent in 1936 [169] and it was 
not until 45 years later that a series of three papers described the same process [118, 
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170, 171]. In fact, only the first of these papers demonstrated electrospinning of 
polymer melts, producing poly(ethylene) (PE) and poly(propylene) (PP) fibres [118]. 
The second paper investigated melt electrospinning using silicone oil as a model 
fluid [170] while the final paper described the droplet deformation of PE or Nylon-12 
(N12) dissolved in hexane [171]. The resulting electrospun fibres had diameters 
ranging from 75 μm to 400 μm. Studying variables which influence the 
electrospinning process, Larrondo and St. John Manley first reported that the 
diameter of the fibres decreases with increasing applied voltage (V) (where an 
increased electric field strength induces greater acceleration and electrostatic drawing 
on the jet) and higher melt temperature (Tm) (which decreases the viscosity of the 
molten material and resistance to being electrostatically drawn) [171]. 
Another extended period followed without publications on the melt 
electrospinning process. In 2000, Kim and colleagues compared the thermal 
properties of polyesters poly(ethylene terephthalate) (PET) and poly(ethylene 
naphthalate) (PEN) before and after electrospinning, to assess the suitability of such 
fibres for various applications. Electrospinning was reported to increase the 
crystallinity and decrease the glass transition temperature (Tg) as well as the 
crystalline peak temperature, potentially due to reduced average molecular weights 
(Mw) following thermal degradation [172]. In 2001, a series of conference abstracts 
followed by a journal article by Reneker and Rangkupan described the melt 
electrospinning of PE, PP, PET, and PEN in a vacuum [173-176]. 
The next important publication that presented further understanding of the melt 
electrospinning process and significantly contributed to the design of melt 
electrospinning devices was presented by Lyons et al. in 2004 [119, 122]. Fibres 
from PP and PET were produced with a diameter range from hundreds of nanometres 
to hundreds of micrometres. It was reported that the Mw of the polymer plays an 
importance role in the electrospinning process: with a relatively weak electric field 
strength (E) it might become impossible to develop a Taylor cone and spin a 
continuous fibre using a high Mw polymer, where the higher degree of polymer chain 
entanglements provide too much resistance to the electrostatic drawing force. 
Alternatively, using a too low Mw polymer with relatively high E would result in 
breakup of the jet stream. As nozzle temperature increases, both average fibre 
diameter (AFD) and standard deviation (SD) decrease, and the curve eventually 
 26 
 
levels out at higher nozzle temperature [122]. Since these publications, melt 
electrospinning research has gradually increased as shown in Table 2.1. 
Table 2.1. Melt electrospinning publications since 2000. Note: there was one prior publication in 
1981 by Larrondo and St. John Manley [118]. 
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Three research groups in particular have contributed to the majority of papers 
in recent melt electrospinning research where the focus has been on process 
fundamentals, such as determining the effects of processing parameters on fibre 
properties including diameter and crystallinity. Joo and colleagues have focussed on 
theoretical modelling of the process with experimental validation using Nylon-6 (N6) 
[222], PP [229], and poly(lactic acid) (PLA) [92, 123-125, 198]. Ogata and 
colleagues have similarly focussed on the effects of processing parameters during a 
novel laser-line melt electrospinning process [202]. Dalton and colleagues have 
sought to optimise the processing conditions for biodegradable polyesters [126, 218, 
221], while beginning to explore applications for melt electrospun fibres in 
biomedical areas such as TE [18]. 
According to Carroll and Joo, who investigated the effect of electrical 
conductivity and viscoelasticity on the jet profile during the initial stage of 
electrospinning (electrically driven viscoelastic fluid flow), increasing the fluid 
viscoelasticity causes a more rapid initial jet thinning. However, farther away from 
the spinneret, viscoelastic jets are thicker than their Newtonian counterparts due to 
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the higher elongational viscosity. On the other hand, the viscosity of the polymeric 
liquid mainly influences the initial jet thinning [234]. 
In 2006 Ogata and colleagues demonstrated the effects of varying melt 
electrospinning process parameters on the resulting diameter of PLA [188, 202], 
poly(ethylene-co-vinyl alcohol) (EVAL) [219], PET [81] and N6,12 [193] fibres. It 
was shown that under specific conditions fibres having a submicron AFD could be 
obtained for both PLA and EVAL. The ethylene content of EVAL was show to 
influence the resulting fibre diameter, however such fine fibres were not achieved 
using PET. 
Zhmayev et al. developed a model for non-isothermal, free surface flows of 
electrically charged viscoelastic fluids in the stable jet region of the melt 
electrospinning process. The model was based on a thin filament approximation 
applied to fully coupled momentum, continuity, and energy equations, Gauss’ law, 
and the non-isothermal Giesekus constitutive model for amorphous melts. The 
asymptotic jet thinning relationship widely used in previous electrospinning models 
was found not applicable for the case of polymer melts. The underlying assumption 
of the balance of inertial and electrical forces in the asymptotic region was found not 
to hold for typical melts which exhibit high tensile forces throughout the spinning 
region, particularly under non-isothermal conditions. A new initial thinning condition 
was developed for fluids with low electrical conductivity and high viscosity based on 
a force balance near the nozzle. 
The predicted effects of Tm, polymer mass delivery rate (Q), and E on the final 
jet diameter were compared by Zhmayev et al. to the final AFD from non-isothermal 
experiments. The simulation results were in good quantitative agreement with flow 
visualisation experiments on electrospinning of slow crystallising PLA melt under 
various spinning conditions [125]. Later a new flow-induced crystallisation (FIC) 
model was incorporated into the non-isothermal model, with heat generated during 
phase transition considered, and validated using fast-crystallising N6 [123]. Further 
work incorporated quenching effects on the formation and crystallisation of melt 
electrospun fibres [168, 198, 222, 229]. The analyses showed good agreement of 
both predicted jet radius and temperature profiles with experimental results. 
In 2006 and 2007 further studies published by Dalton et al. quantified the 
processing parameters used for melt electrospinning of poly(ε-caprolactone) (PCL) 
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and blends with poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-b-PCL) [18, 
121, 218]. In addition to the previously reported effects of processing parameters, it 
was shown that Q greatly determines the diameter of melt electrospun fibres. This 
finding was later confirmed by Detta et al., using PCL, PEG-b-PCL and blends of the 
two [221]. Additionally, several phenomenological observations were reported. For 
example, compared to a typical solution electrospinning configuration the excessive 
whipping motion of the polymer jet is significantly reduced, allowing improved 
control over fibre deposition. Similarly, Heikkila et al. reported in 2007 that melt 
electrospinning results in relatively focused deposition compared to solution 
electrospinning due to the low conductivity of the melt fluid which makes it less 
susceptible to bending instabilities [235]. 
As more polymers are investigated, there has been a continued focus on 
understanding the combined effects of material properties and processing parameters 
in order to determine optimum conditions to obtain uniform fine fibres with desired 
morphology and functionality [216]. Dasdemir and colleagues directly compared the 
processing conditions between solution and melt electrospinning of thermoplastic 
polyurethane (TPU), finding that the deposition rate of melt electrospinning (0.6 g h
-
1
) was four times higher than that for solution electrospinning (0.125 g h
-1
) under the 
same processing condition [216]. However, for TPU the solution electrospun AFDs 
(220–280 nm) were much lower than those melt electrospun (4–8 μm) [216]. 
Meanwhile, Yang and colleagues conducted an orthogonal design study on 
processing factors which influence the fibre diameter on three grades of melt 
electrospun PP [197], while Li et al. conducted a similar study for melt electrospun 
poly(L-lactide) (PLLA) [236].  
More recently, the effects of additives in polymer melts has been investigated 
to address a range of issues. Yang et al. found the inclusion of antioxidants improved 
the thermal degradation properties of PLA during melt electrospinning [180, 194]. Li 
et al. showed that the addition of hydroxyapatite (HA) nanocrystalline particles 
improved the hydrophillicity of PLLA fibres in an attempt to combine the positive 
properties of organic and inorganic materials in a polymer/ceramic composite [207]. 
Nayak et al. increased the electrical conductivity of PP by the addition of sodium 
oleate (SO) and sodium chloride (NaCl). The lower size ions from NaCl (which 
provide higher mobility compared to SO) increased the net charge density on the 
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melt jet, allowing the jet to be stretched by a higher amount so that fibre diameters 
around 300 nm were obtained [190]. The addition of PEG and poly(dimethyl 
siloxane) (PDMS) to PP produced a similar effect by reducing the melt viscosity 
[179]. 
With improved control over the melt electrospinning fibre forming process for 
a range of materials, the research focus will shift towards applications suited to the 
particular properties and characteristics of each material. For example, Nagy et al. 
demonstrated the ultrafast release of a drug with poor water solubility, loaded into a 
cationic methacrylate copolymer. The drug release rate of the melt electrospun fibres 
was significantly higher than that of the ground extrudate with the same composition 
due to the increased specific surface area provided by the fibres [181]. Although 
there are currently few medical products using submicron fibres on the market, the 
patent data indicates that medical applications and medical products using submicron 
fibres (which offer many of the benefits of nanofibers) are emerging [161]. 
Interestingly, Praeger et al. recently demonstrated the viability of melt 
electrospinning a non-polymer material, boron oxide (B2O3) to create glass 
nanofibers with diameters around 100 nm [186]. 
A recent study by Dalton et al. demonstrated blends of PEG-b-PCL and PCL, 
which were melt electrospun to produce  high quality uniform fibres with diameters 
as low as 700 nm [126]. By moving the collector which was mounted on a manual x–
y stage, 200 to 400 μm wide lines could be discretely written, and applied 
continuously on top of one another to create patterned substrates comprised of the 
randomly deposited nonwoven ultrafine fibres. Further research to improve filament 
resolutions for a range of functional melt electrospun materials, coupled with 
improved collection methods enabling the reproducible design and fabrication of 
substrates with controlled fibrous architectures, will further open up applications for 
melt electrospun fibres. 
In many regards, melt electrospinning research is in its infancy, where only 
three peer-reviewed journal articles were published prior to 2009. However, 22 
articles on melt electrospinning were published between 2006 and 2009 and more 
than 40 articles have been published since 2010. Assuming further growth, we expect 
that the next decade promises to greatly increase our knowledge on this topic. 
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2.3 PRINCIPLES OF MELT ELECTROSPINNING  
Fundamentally, the electrospinning process involves applying a HV electrical 
potential between a polymer solution or melt and an electrically conducting 
collection surface. Typically the polymer is supplied from a storage chamber to a 
capillary, known as a spinneret. A plunger disposed within the chamber  exerts 
sufficient pressure on the polymer to force it into the spinneret to form a convex 
meniscus at the end of the orifice [118]. When the polymer emerges from the 
spinneret, electrical charge is induced on the surface of the polymer meniscus due to 
the established electric field. The transport and distribution of these charges 
generates stresses that result in movement of the polymer fluid. 
As charge in the fluid builds up, repulsive interactions of like charges cause the 
droplet to deform according to EHD principles, where the deformation is influenced 
by two competing forces: the surface tension of the fluid favours spherical shapes 
with small surface areas; whereas repulsive coulombic forces promote large surface 
areas (Figure 2.3A). When the forces of mutual charge repulsion exceed the surface 
tension in the droplet, the droplet deforms into a conical shape known as a Taylor 
cone. Once a critical V is exceeded, provided the molecular cohesion of the liquid is 
sufficiently high that stream breakup does not occur (if it does, droplets are 
electrosprayed), a charged jet ejects from the apex of the cone and is electrostatically 
drawn across a spinning zone towards the collection surface which maintains a 
different electrical potential [94]. 
 31 
 
 
Figure 2.3. A) Forces involved during establishment of a Taylor cone [237]. B) The evolution of the 
shape of a charged fluid drop, transformed part of the way toward a conical shape by the applied 
electric potential. The rounded tip becomes sharper and a jet emanates from the tip of the cone once 
the electrostatic pressure overcomes the capillary pressure. A rapidly elongating and thinning jet, 
carrying electrical charge, flows from the droplet, which maintains a stable shape and persists as long 
as the polymer carried away by the jet is replaced by fluid flowing into the droplet through the 
spinneret. The length of the horizontal edge of each of the images is 1 mm.[203]. 
 The principle behind the formation of a Taylor cone on the surface of a liquid 
is believed to be universal:  if the electrostatic pressure overcomes the capillary 
pressure then a Taylor cone forms (Figure 2.3B) [133]. The electrostatic pressure on 
the liquid surface is defined as: 
;  
where pe is the electrostatic pressure, ε is the relative permittivity of the 
surrounding gas, and E is the intensity of the electric field. Capillary pressure is 
defined from the Laplace-Young equation in the form: 
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 ; 
where pc is the capillary pressure, γ is the surface tension and r is the mean 
curvature of the surface. In the most common experimental setup for electrospinning, 
HV is applied to the capillary which acts as an electrode. In this case the mean 
curvature of the surface is represented by the inner radius of the capillary. Thus, the 
condition for formation of the Taylor cone can be written as: 
. 
 Solution electrospinning relies on evaporation of the solvent from the polymer 
solution jet before the jet reaches the collector, where it deposits as solidified 
polymer fibres. 
 Initially the electrified jet is stable and travels directly towards the collector in 
an initial thinning zone. As the jet dries out in flight, the mode of current flow 
changes from ohmic to convective as electric charge migrates to the surface of the 
fibre resulting in a second zone of fibre formation. In this secondary zone, as the 
surface charge density increases, small perturbations in the jet caused by non-
axisymmetric bending instabilities are exaggerated by the electrostatic repulsion of 
like charges. As a result, the jet is subject to a “whipping” phenomenon where it 
accelerates laterally to the flight path, causing it to rapidly bend and turn [238, 239]. 
In contrast to electrostatic spraying [150], the jet does not split, rather it remains 
coherent (Figure 2.4) [152, 240]. The jet solidifies by two possible processes: 
conventional evaporation of the solvent as a function of partial pressures in the air 
and at the fluid surface; as well as ion evaporation, the electrostatically assisted 
ejection of ionised solvent in the whipping region of the jet [241]. The latter 
mechanism is associated with corona discharges and often leads to beaded fibre 
morphologies [203, 242]. 
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Figure 2.4. In the electrospinning process a pumped polymer solution is charged inside a spinneret. 
The pendant droplet deforms into a conical shape (Taylor cone) and a jet emerges when the 
electrostatic forces outbalance the surface tension. The jet evolves from a straight path to a whipping 
motion. Several “bending instabilities” can superimpose each other. 
The morphology of the resulting fibres is influenced by the competing forces 
the solution electrospinning jet is subjected to. Newtonian liquid jets not subject to 
electric forces but subject to axisymmetric Rayleigh instabilities (where surface 
tension becomes non-uniform along the jet) tend to break up into droplets (as do 
electrosprayed polymers) because the surface tension acts to reduce the free surface 
energy by minimising the surface area of the jet [133]. In contrast, the additional 
extensional stresses towards the collector due to the electric field in electrospinning, 
act to suppress the axisymmetric Rayleigh instabilites. The viscoelastic polymer jet 
generates “beads-on-strings” as a result of slower jet breakup or uniform fibres when 
there is no jet breakup at all. Two additional conducting instability modes arise [243] 
which were reported by Hohman et al.: an axisymmetric conducting instability 
(where charge is not equally distributed along the jet); and the non-axisymmetric 
bending instability which causes whipping [152]. Which of these dominate depends 
largely on the material properties of the fluid and on the operating parameters of the 
process. 
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Theoretical calculations by Saville conclude that when using sufficiently high 
electric potentials, the whipping instability dominates (as reported in the majority of 
electrospinning literature) [244]. As a consequence of whipping, the jet travels a 
significantly longer distance before it is deposited, increasing the time it can be 
stretched [203]. This subsequent elongation and thinning leads to the formation of 
fibres with reduced submicron scale diameters (up to 5 orders in diameter reduction) 
by the time the jet reaches the collector. However deposition is characteristically 
chaotic, where the jet deposits randomly as a nonwoven mesh of fibres (Figure 2.5) 
[36]. Charges that are created in the fluid that are not dissipated remain in the 
solidified fibre as residual charges. 
 
Figure 2.5. A human hair rests on a background of nonwoven electrospun fibres [245]. 
Where most electrospinning research has been focussed towards fabricating 
nanofibers, electrospinning from the melt has been investigated to a lesser extent 
than from solution. In solution electrospinning, the jet can thin by an order of 
magnitude solely due to the evaporation of solvent. Solvent also contributes largely 
to the surface charge density, which is responsible for the bending instabilities 
causing the jet to whip [238, 239]. On the other hand, by using high viscosity and 
non-conductive polymer melts (typically with electrical conductivity less than 10
−10
 
S m
-1
) [125], the absence of solvent greatly reduces the surface charge density and 
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therefore dampens any bending instabilities experienced by the melt jet. Further, 
once the temperature of the melt electrospinning jet is below the Tg of the polymer, 
whipping of the jet is suppressed by fast solidification in the electrospinning region; 
where greater disturbance forces are required to overcome the surface tension [4]. 
The initial stable region of the melt electrospinning jet is relatively much longer and 
thus there is less lateral movement of the jet (Figure 2.6A) [121]. The suppression of 
bending instabilities considerably reduces the degree of stretching the melt 
electrospinning jet encounters before it solidifies [63]. With the additional lack of 
thinning from solvent evaporation, melt electrospinning has typically been 
characterised by larger diameters fibres than from solution (Figure 2.6B) [125]. 
 
Figure 2.6. A) Straight electrified jet, where electrical bending instability is suppressed [89]. B) Melt 
electrospun PCL–PEO fibres collected onto a stationary surface [246]. Scale bars in microns. 
Through careful process design, optimisation and control, submicron fibres can 
be obtained in melt electrospinning [124]. Similar to in melt extrusion systems, this 
can be accomplished by management of the extensional viscosity and solidification 
of the filament via the thermal environment [247, 248]. However since melt 
electrospinning is a further convoluted problem, electric field and charge transfer 
effects must be considered in addition to the heat transfer effects on momentum and 
mass conservation, viscoelastic properties, and, in some cases, in-flight 
crystallisation [198]. Recently, researchers have demonstrated that by making 
additional material modifications prior to processing, fibre diameters approaching 
true nanoscale magnitudes can be produced using polymer melts [190]: rather than 
delivering the polymer in a solution, including additives to increase the electrical 
conductivity of the polymer melt is another viable strategy to increase the charge 
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density on the melt jet, thereby inducing a greater degree of stretching on the melt 
electrospinnng jet during flight [179, 190]. 
2.3.1 Jet Thinning 
Extensional viscosity is one of the main factors which affects thinning of the 
jet. In the case of a melt, this is controlled by the fluid temperature and molecular 
architecture. The temperature field can be manipulated during melt electrospinning 
experiments, though is usually nonuniform throughout the spinning zone. HV is 
typically applied through an isolated spinneret which is in contact with air, rather 
than a parallel plate (which would create a uniform field between a flat collector 
plate). Joo and colleagues have developed a non-isothermal model for melt 
electrospinning based on the nonuniform electric field from the spinneret to collector 
typically established in such needle-plate geometry experiments [125]. 
By approximating negligible interactions between the surface charges with the 
applied external electric field and negligible axial conduction, the initial surface 
charge density can be calculated at the Taylor cone, assuming the fluid at the 
spinneret to be nearly Newtonian. Here, a momentum term balance requires that 
Newtonian stresses, surface tension, and the electric driving force are balanced. It has 
been shown that Newtonian fluids, as well as shear-thinning fluids with relatively 
low viscosity and viscoelasticity, e.g. most polymer solutions, exhibit 
  
scaling of the jet radius far away from the spinneret (in the stable zone), where 
R is the jet radius and z is the axis of jet travel. This scaling arises from the balance 
between the tangential electric stress and the fluid inertia far down the stream as 
other contributions to the momentum balance decrease to zero. However the 
underlying assumption of the balance of inertial and electrical forces in the 
asymptotic region does not hold for highly viscous and viscoelastic fluids, such as 
polymer melts (especially under non-isothermal conditions), which exhibit high 
tensile forces throughout the spinning zone. For these cases, inertia frequently 
remains small and the tensile forces must balance the electric field driving force 
downstream [125].  
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2.3.2 Quenching of the Melt Electrospinning Jet 
In their development of a melt electrospinning heat transfer model, Joo and 
colleagues performed a steady state shell balance on a fluid element in the 
Lagrangian frame to satisfy the conservation of energy requirement. While the heat 
transfer coefficient is typically obtained from empirical correlations (which relate 
system geometry and fluid flow characteristics to the thermal boundary layer 
formation), they reported that ultimately, the change in internal energy of the fluid 
element is balanced by viscous heating, heat released due to crystallisation, and 
radial convection to the surrounding cooling air [198]. Their primary interest was 
radial convection, which derives from the jet surface heat flux boundary condition 
and enters into the conservation equation when a thin filament approximation (one-
dimensionalisation of the problem) is used.  
Although correlations widely used in conventional melt spinning literature 
produce good agreement with experimentally observed thermal profiles, infrared 
thermal measurements on polymer melt jets in electrospinning have revealed rapid 
quenching by ambient air, an order of magnitude faster than predicted by the 
classical correlations.  A number of alternative heat transfer mechanisms and 
enhancements were considered, including: natural convection (which is typically 
neglected in favour of forced convection due to relatively high jet velocities); 
radiation (typically negligible below  ~600 K compared to convection); and humidity 
(where literature suggests that air humidity can result in as much as 20% heat 
transfer enhancement) [249, 250]. However, such conventional heat transfer 
mechanisms were not expected to produce the experimentally evident 10-fold heat 
transfer enhancement. Turning to the heat exchange and electronic circuit literature 
[251-259], Joo and colleagues found that the largest heat transfer enhancement 
mechanism which separates melt electrospinning from melt spinning is due to EHD 
effects: strong electric fields can result in significant corona currents, which disturb 
the thermal boundary layer and can enhance the heat transfer rate as much as 60-fold 
in some applications.  
In contrast with electrically conducting polymer solutions in electrospinning, 
polymer melts can be highly insulating. When HV is applied to a needle-plate 
geometry separated by dielectrics (air and the polymer melt), a corona field is often 
produced. This condition is obtained when the applied potential exceeds the corona 
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onset, but is below the air gap breakdown V. During the corona discharge, the local 
electric field near the needle tip exceeds the breakdown E in air 
, 
and as a result, air molecules become ionised. This region is referred to as the 
ionisation zone, and it contains ions of both polarities. Further away from the needle, 
where the local electric field decreases below E0, no further ionisation occurs. 
However, in the drifting zone, also known as the space charge plume, ions of the 
same polarity as the needle are transported from the needle to the plate due to action 
of the electrostatic forces. Along their flight path, the ions can exchange momentum 
with and accelerate neutral air molecules. When a positive HV is applied to the 
needle, a positive corona is formed, and thus, positive air ions are observed in the 
drifting zone [125]. When air is used as the quenching fluid, heat transfer is typically 
enhanced by an order of magnitude [251-253, 258, 259]. Figure 2.7 shows 
experimental jet radius and temperature profiles presented by Joo and colleagues for 
a) N6, b) PP and c) PLA compared to model predictions, where the charge effects on 
thinning of the melt jet are considered. 
 
Figure 2.7. Experimental jet radius and temperature profiles for A) N6, B) PP, and C) PLA compared 
to model predictions. Notes: for N6, the images shown in the insets are for 563 K nozzle temperature; 
in all thermal images, the needle edges have been outlined in post-processing [198]. 
2.3.3 Crystallisation of Melt Electrospun Fibres 
Electrospinning of polymer melts results in amorphous or semi-crystalline 
structures. The alignment of molecular chains due to the jet being electrostatically 
drawn can induce further crystallinity. Joo and colleagues found that fast-
crystallising polymers such as Nylon can produce semicrystalline fibres when 
processed at high temperatures [123]. In this case, the charged melt jet undergoes 
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rapid elongation and thinning under the influence of the applied external electric 
field in the initial thinning region, resulting in a build-up of internal stresses. In this 
initial thinning region only limited, thermally-induced crystallisation (TIC) is 
observed due to elevated temperatures and insufficient polymer chain orientation, 
and thus crystallisation dynamics are of little importance in this region. When the jet 
cools below the polymer melting point the thinning rate decreases due to an 
increased viscosity, causing the jet profile to become nearly cylindrical. Rapid chain 
alignment induced by strong internal stresses reverses the crystallisation trend 
observed in the initial thinning region. By this point, the jet has become so thin that 
the radial stress and temperature profiles are nearly uniform. Due to the short in-
flight residence time, TIC is not significant. However, the large internal stresses 
which have developed result in nearly perfect molecular chain alignment and can 
facilitate the onset of flow-induced crystallisation (FIC) (which occurs on a much 
shorter time scale than TIC) due to enhanced chain reptation and chain segment 
nucleation [123]. 
Joo and colleagues attributed the onset of rapid FIC from TIC due to the 
competition of thermal and stress effects of crystallisation on the viscosity of the jet. 
At lower Tms, the viscosity decrease due to release of latent heat of fusion from slow 
thermal crystallisation dominates. At higher Tms, the thermal effects are 
overshadowed by a sharp viscosity spike caused by rapid flow induced phase 
transition, where rapid FIC can have a significant impact on the final fibre diameter. 
Increased Tms result in greater initial thinning and higher internal stresses, and thus 
the onset of FIC is the earliest for high Tms. In their modelling of the melt 
electrospinning jet, Joo et al. identified that the more complex issues of crystalline 
phase morphology formation and evolution in FIC remain to be addressed [123]. 
2.3.4 Charge Interactions 
The unique feature of electrospraying and electrospinning is that oppositely 
charged electrodes are separated by a space which is not filled with a liquid through 
which charge convection can take place. Instead, the EHD driving forces cause the 
fluid containing the charge carriers to span the space between the electrodes. The 
observed phenomenon is that the fluid physically traverses the distance from one 
electrode to the other. As such, there are three process domains of charge interaction 
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which have been identified as important in electrospinning: creation of charge 
carriers; charge transport; and residual charge. 
2.5.4.1 Creation of Charge Carriers 
For the majority of electrospinning configurations, the needle-like spinneret 
has a relatively small radius of curvature compared to the collector surface. As such, 
the mode of charge carrier generation is due to high electric field induced emission: 
the process of ejection of electrons into the surrounding medium from the surface of 
an electrode under the influence of a locally high electric field. In typical laboratory 
electrospinning experiments, the high fields necessary for emission can only be 
achieved at the tips of needles or at blade-edges [260]. Under these conditions, 
electrons can associate with polymer melt molecules and become ionic current 
carriers. Similarly, ion emission is the process of ejecting ions into the surrounding 
fluid as a consequence of the withdrawal of electrons into the electrode. Field 
emission requires electric fields on the order of 10
9
-10
10
 V m
-1
 in order that electrons 
can cross the boundary between the metal electrode into the fluid by a quantum 
tunnelling mechanism [260]. 
The outcome of using a high electric field is to increase the possibility of 
electrons appearing on the liquid side of the metal-liquid boundary. Electrons emitted 
in this manner will be trapped to form a negative ion or a charge-shielding polarised 
complex. Unlike the immobile traps in solids, the liquid traps are mobile and will 
move down the electric field gradient away from the emitter. The momentum 
interchange that results as a consequence of collisions between the mobile, charged 
traps and the neutral molecules of the liquid imparts a kinetic energy to the liquid 
which causes it to flow along the path of charge flow [261, 262]. 
Figure 2.8 shows the field induced emission mechanism along the length of a 
positively charged spinneret, where the negative ions migrate to the inner surface of 
the spinneret and are immobilised. This leaves the inner volume of the polymer melt 
with an excess of mobile positive charge which can respond to the electrostatic stress 
of the opposite electrode (collector). The sharp edges at the exit end of the spinneret 
also present the possibility for field emission of charge as indicated by the arrows at 
the opening in Figure 2.8. As the arrows indicate, the sharp edges allow for emission 
into the polymer melt and emission into the less dense ambient atmosphere. 
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Figure 2.8. Schematic representing charge motion from spinneret (connected to high voltage supply) 
to polymer melt during during melt electrospinning. Adapted from Collins et al. [260]. 
2.5.4.2 Charge Transport 
The electric current carried by the melt jet is often low and has proven difficult 
to accurately measure. Joo et al. assume radial charge conduction to be 
instantaneous, where the component of the electric field at the spinneret normal to 
the jet surface can be approximated as zero for the divergent electric field around the 
needle. This is the extreme case of the “leaky dielectric” model (developed 
specifically for slightly conducting liquids) [263, 264] and postulates that the 
unbalanced electric charge migrates quickly to the jet surface. As the jet cools, the 
decreasing conductivity dampens the significance of axial conduction and axial 
charge transport becomes primarily due to convection throughout the jet profile. In 
this model, the applied external electric field becomes practically unaffected by the 
diminishing surface charges [125]. 
As shown in Figure 2.9, HV applied to a spinneret can result not only in 
emission into molten polymer, but also the less dense ambient atmosphere. Joo and 
colleagues have shown this leads to corona discharge in the vicinity of the spinneret 
which causes charged air surrounding the jet to be rapidly accelerated towards the 
collector. Shown in Figure 2.9, this air charge transport mechanism takes on a near 
conical shape and the space charge density decreases with distance from the 
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spinneret due to coulomb repulsion. Calculated air velocity profiles for N6 were 
compared to the jet velocities and shown to be three orders of magnitude higher than 
the jet velocities in the initial thinning zone. Subsequently, the driving electric field 
rapidly decreases and the air velocity approaches its asymptotic value. 
 
Figure 2.9. Schematic of EHD-driven air flow in melt electrospinning [198]. 
While there is vast literature on the mechanisms for initiating and generating 
electrospun fibres, there appears no consensus on the physical mechanism for the 
“discharging” or transfer of charge from electrospun fibres to the collector as they 
are deposited. Collins et al. have comprehensively reviewed the literature addressing 
charge characteristics of solution electrospun fibres, however there is currently no 
literature addressing this issue specific to melt electrospun fibres. 
A simple model of discharging assumes that most of the charges on solution 
electrospun fibres eventually discharge to the conducting substrate. However, this is 
problematic: although the injected polymer solution does allow charge transport in 
the liquid phase, the fibre solidifies before it reaches the collector. It is widely 
reported that even after some portion of charge on electrospun fibre mats is 
dissipated, a measurable amount of residual charge remains [260]. After 
solidification, any residual charges are trapped either within the fibre or on the 
surface of the fibre. Since the fibres are essentially electrically insulating, it is highly 
unlikely that the trapped charges could flow as a constant current through the 
insulating fibre mat to the conducting substrate at a sufficiently high rate to maintain 
the electrospinning process. Therefore, it has been proposed that charges are carried 
not only by the polymer jet, but by other charge transport mechanisms including: the 
corona discharges surrounding the Taylor cone; corona discharges of the deposited 
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fibre mat to the conducting substrate; parasitic electrospraying; and charge 
evaporation [260]. 
2.5.4.3 Residual Charge 
According to Collins et al., a mat of electrospun fibres is essentially an electret: 
a dielectric material exhibiting  the ability to retain or store electric charge over long 
periods of time [260, 265]. Electrets are understood to dissipate excess charge by 
different mechanisms, depending on the dielectric properties of the polymer, the 
properties of the solvent, the ambient humidity and temperature and, specially, the 
locus of where the charges are trapped in the material. Prior to addressing 
mechanisms of charge dissipation, the mechanisms and location of charge storage in 
polymers warrants discussion. 
Research on the physics of electrets highlights multiple ways for charge to be 
stored in polymers, including: electrostatic polarisation due to the presence of dipole 
orientation (heterocharges), which can be attained either by orienting permanent 
dipole moments in the polymer or by inducing the polarisation of mobile charges 
within the polymer; or by real charge injection (homocharges) where free charges 
can be injected into the polymer by a multitude of mechanisms including corona 
charging (previously discussed) [260]. In polymer electrets charge storage is 
dependent on an array of parameters including crystallinity [266], polymer structure 
and the presence of additives [267].  
Current models describe localised states of chemical groups present in the 
polymer structure, called traps, which are distributed on the surface and in the 
volume of the material. In a semicrystalline polymer, traps are believed to exist at the 
interface of crystals and amorphous regions, as well as in the inner regions of 
spherulites [268]. In a purely amorphous polymer, charges are trapped in specific 
domains of the structure, such as heteroatoms and aromatic rings [269]. According to 
Sessler, surface traps may be due to surface defects, impurities, adsorbed molecules 
and broken chains, while volume traps are located at three distinct levels: atomic 
sites, molecular chains and crystalline region or crystalline-amorphous interfaces 
[270]. Since these charge carrier traps are dynamic systems dependent on 
environmental and structural characteristics, the typical valence-conduction band 
model does not fully apply. 
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The counterpart to charge storage or trapping is charge dissipation, which is 
also related to detrapping of the charges, and is dependent on charge movement 
through the bulk or surface of the dielectric. Since molecular relaxation due to chain 
movement is a major cause for detrapping, temperature plays a significant role in 
these events [271]. Moreover, holes and electrons may present large differences in 
mobility [271]. Three basic models attempt to describe molecular motions in 
viscoelastic polymers: (i) the barrier model based where different conformations are 
separated by an energy barrier (activation energy), (ii) the Rouse model where chains 
are described as series of springs connected by nodes, and (iii) the reptation model 
where molecular motion is compared to a snake-like motion [260]. 
Although literature correlating viscoelastic models with charge decay processes 
is scarce, Lowell proposed a model where conduction currents in polymers submitted 
to electric fields may be generated based on a charge hopping mechanism: which 
involves the elastic displacement of a polymer chain that transports a charge from a 
trapped site to an empty site [272]. According to this model, even considering the 
limited mobility involved, rotation of side chains or pendant groups results in charge 
movement generating a decaying transient current. 
It is widely recognised that the build-up of residual charge on solution 
electrospun fibres creates an insulating layer which eventually repulses the like 
charged electrospinning jet and therefore limits the achievable thickness of such 
substrates. Similarly, Reneker and colleagues have reported a disruption to straight 
electrified jets, observed as a pendulum-like motion which arises due to the repulsive 
coulomb force between the charges accumulated on the collector acting to repel the 
similarly charged landing jet segment in the collector plane. The motion is 
transferred to the whole jet via elastic stress sustained by the jet, causing the initially 
straight segment of the jet to become arched [273].  
2.3.5  Fibre Deposition 
In the absence of whipping instabilities, the melt electrospinning jet travels in a 
straight line from the spinneret to the collector. As the jet impacts a stationary flat 
collector, it buckles under longitudinal compression, causing the fibres to coil around 
the initial centerpoint of collection. Such coiling patterns resemble those created by 
uncharged jets of highly viscous fluids impinging a hard flat surface. The theoretical 
buckling frequency may be fitted by the following formula: 
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 [89]; 
where ω is the buckling frequency in Hz, d is the jet diameter, v is the jet 
velocity normal to the collector (where d and v are measured near to the collector), Q 
is the volumetric flow rate in the jet, ρ and μ are the respective density and viscosity 
of the liquid. For an uncharged viscous fluid jet, the driving force per unit mass g is 
gravity. However, in melt electrospinning the effects of gravity are negligible 
compared to the electric force per unit mass on the charged jet [89]. Buckling is a 
low-speed and low-strain-rate phenomenon. Therefore, in this limit Han et al. reduce 
viscoelastic behaviour to Newtonian behaviour with μ being equivalent to the zero 
shear viscosity [89]. 
2.5.5.1 Pore Size and Porosity 
The wavelength of electrospun fibre coiling has been shown to be inversely 
proportional to the frequency of buckling; where increasing the fibre diameter will 
increase the wavelength of the coiling and therefore the inter-fibre distance in a 
resulting nonwoven mesh (Figure 2.10) [40, 155, 177]. Eichhorn and Sampson 
present a theoretical model which demonstrates the dominant role of AFD in 
controlling the pore diameter of random fibre networks. They provide an extensive 
review of the structural features of such networks, including: the distribution of 
mass; inter-fibre contacts and available surface area; fibre contact distributions for 
integrity of the networks; as well as porosity and pore size distribution [274]. 
 
Figure 2.10. The pore size of microfibre nonwoven electrospun substrates plotted as a function of 
fibre diameter by Pham et al.. Experimental measurements were performed by mercury porosimetry. 
 46 
 
Theoretical values were calculated using porosity measurements obtained by averaging measurements 
from mercury porosimetry, liquid intrusion, and gravimetry. The experimental data represent the 
average of three samples with the error bars representing the standard deviations. Error bars on the 
theoretically predicted pore sizes are computed using the standard deviation of the input porosities and 
fibre diameters [40]. 
While the distribution of mass (number of crossings between fibres and the 
available fraction of the fibrous surface area) in a random fibrous network can be 
expressed in terms of the dimensions of the fibres, this distribution of mass is not 
influenced by the mean porosity of the network. The mean pore size increases with 
increasing porosity, and decreases with increasing areal density and decreasing fibre 
density since these parameters influence the total fibre length per unit area in the 
network, and hence increase the total length of void perimeter. At a given mean areal 
density and porosity, the mean pore radius increases with AFD. This is perhaps best 
explained by considering two networks with the same areal density and porosity 
formed from fibres of different AFDs. As the areal density and porosity of the 
networks are the same, it follows that their total volumes are the same also. As the 
networks are formed from fibres with different AFDs, the only way that the fibres 
may occupy the same volume is if the total fibre length per unit area of the thinner 
fibres is proportionally greater than that of the wider fibres. It is this density of fibre 
length per unit area that dominates the size of voids in the network [274]. 
Generally, melt electrospun fibres fuse at the crossover points to create a 
coherent nonwoven structure. Where increasing the number of fibres per unit area 
increases the number of fibre crossings per unit area, it follows that the structural 
integrity of a fibrous material can only benefit from reducing AFD. While the 
structural integrity of such nonwoven fibre networks increases with decreasing AFD 
(particularly useful for applications where mechanical support is necessary), the 
mean pore radius increases with AFD, and it may be this (not porosity) that is 
desirable for such substrates. It is noted by Eichhorn and Sampson that it is possible 
to achieve different mean pore sizes for nonwovens of the same porosity [274]. 
While there appears a drive in the electrospinning community to produce ever 
smaller diameter fibres, with the aim of increasing surface area, they emphasized that 
control of network porosity and mean pore radius should be decoupled; especially in 
applications where large pore sizes are preferred. Furthermore, when electrospun 
fibres are collected onto a stationary surface, this repeated deposition over time can 
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only increase the areal density of the network, and therefore rapidly decrease the 
mean pore radius [274]. 
2.5.5.2 Mechanical Properties 
Electrospun fibres may have superior mechanical properties such as higher 
elastic modulus and strength as compared to bulk materials mainly due to their 
higher molecular orientation which is produced by the stretching of the polymer jet 
during electrospinning [35, 275]. Tan et al. conducted a study to determine the 
mechanical properties of single-strand electrospun PCL ultrafine fibres with AFDs of 
approximately 1 µm and below [275]. They found that both tensile strength and yield 
stress decreased with increase in fibre diameter. The strain at break was found to 
increase with increase in fibre diameter whereas yield strain was found to decrease 
with an increase in fibre diameter [275]. No correlation was found between elastic 
modulus and fibre diameter. In comparison, gravity spun PCL fibres with AFDs 
around 100 µm were reported to have tensile strength, yield stress and elastic 
modului an order of magnitude lower than the fibres obtained by Tan et al. [276]. 
The strain at failure for gravity spun fibres was approximately twice that obtained by 
Tan et al. When the gravity-spun fibres were cold drawn to 500% extension, the 
mechanical properties were either comparable or superior [275]. Nayak et al. 
reported an average breaking strength of 1.6 cN in tensile testing for melt electrospun 
PP nanofibers compared to 16.31 cN for commercial PP fibres [179]. 
Generally, the mechanical properties of an electrospun nonwoven substrate can 
be influenced by different parameters in addition to AFD, including: topography and 
porosity; friction between fibres; thickness of the fibrous substrate and geometry; as 
well as the physical and chemical properties of the processed polymer such as 
polymer Mw and its distribution [277-279]. Ko et al. reported that as AFD decreases 
in a melt electrospun PCL nonwoven substrate, the porosity of the substrate 
increases, which consequently leads to a decrease in elastic modulus and an increase 
in yield strength [177]. Croisier et al. performed macrotensile measurements on PCL 
fibre substrates fabricated using a higher Mw PCL compared to Ko et al. and showed 
a higher elastic modulus [279]. Lee et al. compared the mechanical properties of 
nonwoven fibrous mats prepared by solution and melt electrospinning, where the 
AFDs were comparable (Figure 2.11) [191]. They reported that the Young's modulus 
of the melt electrospun fibrous mats was significantly lower than that of the solution 
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electrospun fibrous mats because the residual solvent in the solution electrospun 
fibres induced inter-adhesion (or interlocking) of the deposited fibres, resulting in 
strong mechanical properties. 
 
Figure 2.11. Pore size distribution of A) solution and B) melt electrospun PLA nonwoven fibrous 
substrates, where the AFDs are 1.2 ± 0.3 and 1.5 ± 0.8 μm respectively. C) Comparison of tensile test 
stress–strain curves for solution and melt electrospun fibrous substrates. D) Comparison of Young's 
modulus between solution and melt electrospun PLA fibrous substrates [191]. 
In their study, the melt electrospun fibres were rapidly cooled prior to 
deposition, so that interlocking between the network of fibres was reduced compared 
to the solution electrospun fibres (although there was a degree of interlocking 
between the melt electrospun fibres). Lee et al. suggested methods for improving the 
mechanical properties of melt electrospun fibres, by accommodating bioceramics 
(hydroxylapatite, tricalcium phosphate, and Bioglass) in a composite system or by 
introducing a thermal post-process to improve fibre interlocking [191]. 
Collecting electrospun fibres onto a rotating drum or wheel at speeds above the 
jet speed aligns the fibres in the direction of rotation (Figure 2.12A). This method of 
collection also stretches the electrospinning jet further, thus resulting in the 
production of fibres with smaller diameters and higher degrees of molecular 
orientation as compared with fibres forming nonwovens (Figure 2.12B) [55]. Thus, 
fibres produced from higher take‐up velocities have higher elastic moduli and tensile 
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strength but lower strain at break (ductility) with greater reduction in diameter due to 
the higher ‘draw ratio’ applied [275]. 
 
Figure 2.12. A) Schematic setup to fabricate a scaffold with aligned nanofibers by solution 
electrospinning onto a rotating disk collector. B) OM micrograph of aligned P(LLA-CL) nanofibers 
[55]. 
Improved theoretical understanding of the heat transfer, stress response, in-
flight crystallisation, charge transfer and dissipation mechanisms for viscoelastic 
melt electrospun polymer materials, coupled with knowledge of their behavioural 
response over varied operating parameters, spinning zone conditions will assist in 
improved process optimisation and performance. Additionally, further knowledge on 
the deposition behaviour of charged melt electrospun fibres on a variety of moving 
and stationary surfaces will enhance the control over fibre placement and the ability 
to tailor porous characteristics, thereby increasing the potential applications of melt 
electrospun substrates. 
2.4 POLYMERS AND THEIR PROCESSABILITY 
The melting requirement restricts the range of polymers which can be melt 
electrospun to synthetic thermoplastic polymers - a fraction of the different polymers 
that have already been solution electrospun. However, melt electrospinning opens up 
the potential for polymers which are difficult to dissolve to be processed into fine 
fibres. For example, polymers such as polyolefins, and polyamides are only soluble 
in specific solvents and require high processing temperatures [4]. An appealing 
property of melt electrospinning is that with a homogenous polymer under suitable 
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conditions, highly uniform fibres are readily achievable, which can be collected over 
many hours and exhibit very little homogeneity defects or changes in the fibre 
diameter [4, 121]. The ability to achieve high fibre consistency and quality is an 
advantage for reproducing batch to batch products. Dalton et al. reported diameters 
of ± 2% for PEG-b-PCL/PCL blends [126], while high uniformity was also achieved 
and commented on in articles with PLA [92, 202], low-density polyethylene (LDPE) 
[228] and EVAL [219]. 
PP, which cannot be readily dissolved in a solvent, was one of the first 
thermoplastics to be melt electrospun [118]. It has received significant interest 
because its toughness, flexibility and unusual resistance to many chemical solvents, 
bases and acids make it a widespread engineering plastic, particularly attractive in 
textile technologies. The large number of end-use applications for PP are possible 
because of the ability to tailor specific molecular properties and additives during 
processing [4].  
Polyesters are another major class of polymers which are being extensively 
researched, with a long history as biomaterials for clinical use as both implants and 
for drug delivery [4]. An eco-friendly and biodegradable polymer such as PLA is 
synthesised from natural resources, hydrolysed, degraded by microbes, and finally 
changed to carbon dioxide and water under natural circumstances. These properties 
make PLA attractive in the packaging industry as well as in  biomedical fields such 
as orthopaedic surgery, where the polymer is innocuous and biocompatible with 
human tissues [202]. In particular, these hydrolytically degrading polymers are 
attractive for the fabrication of TE scaffolds: onto which biologists can grow cells 
and tissue in a fibrous environment mimicking native human tissue. A processing 
technology such as melt electrospinning that does not require a volatile solvent to 
form ultrafine filaments is attractive for the fabrication of such medical materials 
because the final product remains non-toxic following melt processing [18]. 
The susceptibility of polyesters such as PLA, PLLA and poly(lactic-co-glycolic 
acid) (PLGA) to thermal degradation when held at elevated Tms for prolonged 
periods has led to the design of novel processing approaches to avoid undesired 
degradation by-products [188, 202]. Alternatively, low melting point medical grade 
polymers such as PCL exhibit thermal stability and favourable melt electrospinning 
processability, where research interest is rapidly increasing [230]. Although several 
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medical devices composed of polyurethane (PU) elastomers containing aromatic 
cycles in their hard segments have received regulatory approval, these are not 
biodegradable formulations and the products of decomposition may be toxic [280]. 
Karchin et al. developed a novel, thermally stable, degradable and biocompatible 
aliphatic PU specifically for processing by melt electrospinning based on 1,4-butane 
diisocyanate, PCL and 1,4-butanediol, with superior mechanical properties compared 
to a homopolymer such as PCL [214].  
While there is a strong interest in biologically-derived polymers such as 
collagen for medical application, these types of polymers are not widely processed 
due to denaturation via heating. An exception is the melt electrospinning of a 
poly(phospholipid), which was found to form long range aggregates in the melt 
[215]. Therefore while biologically-derived polymers are typically not considered for 
melt electrospinning, their future use is possible. 
Other common industrial polymers which have been melt electrospun include 
N6 [123, 196, 198, 222], PE [118, 228], poly(methyl methacrylate) (PMMA) [189] 
and PET [192, 196, 203, 211], with a view to applications such as protective 
clothing, material reinforcements, separators and filtration [189]. A comprehensive 
list of all the reported polymers and their variants which have been melt electrospun 
to date is presented in the tables at the end of this chapter. The fact that less than 30 
polymers are represented and notable polymers such as polystyrene (PS), 
polycarbonate (PC) and poly(acrylonitrile butadiene styrene) (ABS) are absent from 
this list (with the latter one of the most frequently used polymers in 3D printing) 
indicates the emerging state of melt electrospinning. 
To date, the melt electrospinning literature is still primarily focussed on 
exploring which thermoplastic polymers are suitable to be processed, as well as 
establishing appropriate processing conditions to obtain fibres with desired 
morphologies and functionalities [216]. Melt electrospinning involves a complex 
interaction and interdependency between a range of material properties, processing 
parameters and ambient conditions. The ability to establish a stable jet and 
subsequent control over the fibre diameter requires an understanding of the effects of 
each of these variables for subsequent process optimisation. The remainder of this 
section examines characteristic polymer properties which have been reported to 
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influence the ability to successfully melt electrospin a polymer and determine the 
resulting fibre morphology. 
2.4.1 Electrical Conductivity 
Studies have shown that the conductivity of the polymer melt plays a major 
role in the ability to form a stable jet. Highly conductive fluids are found to drip from 
the spinneret and when V is increased, form erratic jets which brake into many 
droplets. On the other hand, insulating materials are unable to hold surface charge 
and therefore no electrostatic drawing forces build up on the emerging polymer 
extrudate [281]. For semi-conducting fluids (conductivity typically in the range of 
10
-6–10-8 S m-1) it is possible to form stable jets from a conical base, or Taylor cone, 
where an electrical potential exists between the base of the cone and its apex. 
In the Taylor cone, a tangential electric field is introduced in the direction of 
the melt flow. Electric shear stresses exist on the surface of the cone which act to 
decrease the diameter of the jet as the length of the jet increases, while maintaining 
jet stability [282]. Joo and colleagues found that low electrical conductivity (< 10
−10
 
S m
-1
) is required in the polymer melt for stable jet formation [125]. They reported 
that as the conductivity decreases, axial charge transport becomes primarily due to 
convection throughout the jet profile and the applied external electric field becomes 
practically unaffected by the diminishing surface charges. The induced electric field 
peak is shifted down and the electric field within the fluid jet approaches the uniform 
applied external electric field. Further, decreasing conductivity dampens the 
significance of axial conduction and the convection current starts to dominate even at 
the onset of jet thinning (Figure 2.13) [283]. 
 
Figure 2.13. Effects of decreasing electrical conductivity on A) the electric field profile and B) the 
balance of convection and conduction currents in the fluid jet melt during electrospinning [125]. 
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Electrical conductivity in polymeric materials is governed by the generation 
and mobility of the charge carriers or ions [284]. A material such as PP, which is a 
good electrical insulator at room temperature (RT), was shown by Nayak et al. to 
have electrical conductivity in the level of 10
-10
 S m
-1
 in its pure form with Tm at 200 
°C [190]. The electrical conductivity increased to the level of 10
-7
 S m
-1
 when 4% of 
SO was added, and increased to 10
-4
 S m
-1
 when 12% of SO was added (Figure 
2.14A). Similarly, the electrical conductivity increased from the level of 10
-8
 to 10
-6
 
S m
-1
 when the amount of NaCl was increased from 4 to 12% (Figure 2.14B). 
 
Figure 2.14. Effect of amount of additives on the electrical conductivity of 2000 MFI PP at 200 °C 
with: A) SO and B) NaCl [190]. 
This increase in electrical conductivity was due to the effect of the ions from 
the dissociation of the additives. The amount of current flowing through the polymer 
melt by the addition of NaCl was higher compared to the addition of SO, where the 
smaller ionic size of NaCl helped to achieve higher mobility of the ions and hence 
higher current flow. Therefore, the elongational forces experienced by the jet with 
the addition of NaCl was higher than with SO, leading to the formation of finer 
fibres. In both cases, the increased charge-carrying capacity sufficiently increased the 
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coulombic charge repulsions along the jet to create bending instabilities and 
whipping, enabling further reduction in the diameter of the fibres [190]. 
2.4.2 Molecular Weight 
In solution electrospinning, the polymer can be diluted to a sufficiently low 
concentration in the solvent so that the polymer solution is able to be extruded 
through a fine spinneret. In melt electrospinning, the polymer viscosity can only be 
lowered to a limited degree by increasing Tm. Therefore, selecting an appropriate 
polymer molar mass (which often defines the rheological properties of the polymer 
melt) is required for successful melt electrospinning. Because most properties of a 
polymer, such as viscosity, modulus and tensile strength, can be related to the Mw 
[285], this property is often quoted in melt electrospinning literature to describe a 
processed polymer.  
Lyons et al. showed that Mw, and thus the shear and extensional viscosities of 
the melt, plays a significant role in the feasibility of melt electrospinning PP fibres 
[122]. PP was chosen in this case because of its relative ease to process from the 
melt, large range of available Mws ranging from the 10s of thousands to the 100s of 
thousands and availability in different tacticities. Since PP is often processed through 
industrial machinery, the molar mass is typically above 100,000 g mol
-1
 in order to 
provide sufficient toughness for processing as well as the end application [4]. At 
constant Tm of 200 °C, PP with relatively too high Mw (though it could be extruded) 
was unable to form a Taylor cone when placed in the electric field. Instead, a fibre 
the size of the inner diameter of the spinneret (di) was slowly pulled to the collector. 
When the Mw was reduced, a Taylor cone was formed which resulted in relatively 
large diameter melt electrospun fibres. As the Mw was continually decreased, there 
was an exponential decrease in fibre diameter, until the jet broke up due to a lack of 
molecular chain entanglements (Figure 2.15) [122].  
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Figure 2.15. Graph showing the exponential increase in fibre diameter with increasing molecular 
weight for isotactic polypropylene [122]. 
While the molar mass of commercially available PP is often not ideal for melt 
electrospinning, when the molar mass is lowered using a chain scission agent, 
submicron PP fibres are readily produced [4]. The tables at the end of this chapter 
show the Mw or viscosity related parameter for all of the polymers which have been 
melt electrospun to date, in combination with the processing parameters which were 
required to deliver the reported fibre diameters. 
One issue to consider for polymers such as PLA, which are susceptible to 
thermal degradation, is the extended exposure to relatively high temperatures if they 
are melted in a reservoir prior to electrospinning (Figure 2.16). Joo et al. showed that 
the Mw of PLA changed from 186,000 g mol
-1
. to around 40,000 g mol
-1
. in the first 
hour of melt electrospinning at 200 °C (even though the thermal decomposition 
temperature of PLA is around 330 °C). Intramolecular transesterification reactions 
during heating are the major cause of thermal degradation for PLA below 250 °C 
[92]. 
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Figure 2.16. Comparison of relative molecular mass of PLA before (particles) and after (fibres) melt 
electrospinning at 245 °C [194]. 
Another point to take note of is the importance of not relying solely on the Mw 
data provided by the manufacturer, especially when the polymer is moisture-sensitive 
and may unavoidably come into contact with air during storage. Our group has 
measured significant variance in the Mw of different lots of PCL from the same 
manufacturer using gel permeation chromatography (GPC) analysis. Charuchinda et 
al. reported a similar concern where they obtained values of Mn and Mw from three 
different methods which were consistent with one another but varied significantly 
from the supplier’s value. The reason for this was suggested to be due to hydrolytic 
degradation in the PCL beads after their manufacture [286]. 
2.4.3 Tacticity 
Lyons et al. showed that the Mw interaction was not exclusively responsible for 
determining the melt electrospun fibre diameter. The tacticity of the polymer was 
also shown to have a significant effect. It was suggested that at the same Mw the 
more oriented structure of isotactic poly(propylene) (i-PP) (higher tacticity) resulted 
in smaller fibre diameters than atactic poly(propylene) (a-PP). A-PP possesses a 
random positioning of the methyl group off the main molecular backbone, which 
makes it impossible to crystallise. The inability of the polymer chains to closely pack 
due to steric hindrances may result in larger fibre diameters than those obtained from 
similar Mw polymers capable of crystallisation [122]. 
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Kadomae et al. studied the significance of tacticity as a parameter to control 
the diameter of melt electrospun PP fibres compared to Mw, and similarly found that 
i-PP fibres were thinner than a-PP fibres, although the viscosities were almost the 
same [213]. PP samples with various tacticity were prepared by changing the blend 
ratio of i-PP and a-PP: where the fibre diameter of the blended samples decreased as 
the proportion of i-PP increased (increasing the crystallinity of blended sample), and 
the fibre diameter distribution became narrower as the amount of i-PP increased.  
They considered that the difference in AFD between i-PP and a-PP cannot be directly 
related to crystallinity, because crystallinity is an effect of elongation and 
solidification during melt electrospinning (Figure 2.17). 
  
Figure 2.17. A) Relation between AFDs and crystallinity of blended PPs, i- P/a-PP. B) Relation 
between AFD and crystallinity of blended PPs, iH-PP/a-PP. [213]. 
Kadomae et al. observed that the size of the a-PP Taylor cone was significantly 
larger than the i-PP Taylor cone. They measured little variation in the zero-shear 
viscosity of the polymer melt blends at 180 °C, from 0.8 Pa s at i-PP 100% to 2.5 Pa 
s at a-PP 100% and assumed no significant difference between the surface tensions in 
the different Taylor cones.  According to the following equation to calculate E of the 
Taylor cone: 
  [213]; 
where γ is surface tension of the polymer melt; ε0 is the permittivity of free 
space; and Rc is the radius of curvature of the cone apex, they noted that E at the 
apex of the Taylor cone of i-PP must be stronger than that of a-PP when the surface 
tension of i-PP is assumed to be the same as that of a-PP. However, it was confirmed 
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that the dielectric constants of the samples were almost same at 180 °C in the 
frequency range from 10 to 10000 Hz, while V and distance from spinneret to 
collector (TCD) were constant. Therefore, the variations in tacticity may have caused 
sufficient differences in the polymer melt surface tensions to significantly alter the 
Taylor cone geometries.  
Mazalevska et al. attributed the higher melt flow rate (MFR) of a 
semicrystalline PLA sample compared to an amorphous PLA sample to differences 
in the molecular structure of the two polymers; where the number Mw was nearly the 
same for both the PLA specimens (Figure 2.18).  
 
Figure 2.18. Effect of initial type of polymers and temperature: on the melt flow rate of (a) PP; (c) 
PLA or on the melt density of (b) PP; (d) PLA [185]. 
An organised structure in the semicrystalline PLA was reported to cause 
stronger intermolecular interactions and a relatively higher resistance to flow 
between the molecules  [185]. The tacticities, and isotactic/atactic blend ratios are 
provided, where applicable, for each melt electrospun polymer in the tables at the 
end of this chapter. 
2.4.4 Thermal Properties/Extensional Viscosity 
One of the main material properties affects thinning of the  electrospinning jet 
is extensional viscosity, which in the case of a melt is controlled by the molecular 
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architecture and Tm [125]. Under isothermal conditions (uniform temperature in the 
melt electrospinning zone), Zhmayev and colleagues predicted that the jet thins faster 
as Tm increases, due to decreased fluid viscosity and relaxation time. Therefore, 
under isothermal conditions the highest possible temperature below the degradation 
temperature of the polymer would produce the thinnest fibres. However, this cannot 
be considered in isolation from the electric field driving force. 
Near the spinneret the tangential component of the electric field is dependent 
on the jet-thinning rate, where the slowest thinning jet (lowest Tm) corresponds to the 
highest tangential electric field. That said, this initial increase in the electric field 
driving force at low Tm is dwarfed by the viscosity effects and does not result in 
thinner fibres. Therefore, the viscosity of the polymeric liquid mainly influences the 
initial jet thinning. By increasing the initial Tm and therefore the rate of thinning, 
both the tensile stresses and extensional viscosity increase further away from the 
spinneret. Here the jet thinning rate declines and the jet surface becomes nearly 
parallel to the electric field lines of the applied external field, where the tangential 
electric fields have converged to that of the external field. For highly viscous 
polymer melts this continuing rise in tensile stress is required to balance the 
electrostatic traction in the absence of significant inertia [125]. 
As opposed to the isothermal situation, most experimental configurations are 
characterised by non-isothermal conditions, where downstream the viscoelasticity of 
the jet can become quite large due to the decrease in temperature away from the 
heated polymer reservoir. The difference in the jet radii for the various temperature 
cases far away from the spinneret is smaller under non-isothermal conditions 
compared to their isothermal counterparts because the decreasing jet temperature 
downstream inhibits further thinning and “freezes” the jet in-flight (Figure 2.19) 
[125]. 
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Figure 2.19. Comparison of simulated and experimental initial jet profiles for PLA melt electrospun 
under non-isothermal conditions. Initial melt temperatures are varied, while the spinning zone and 
collector are fixed at 20 °C [125]. 
Zhou et al. investigated non-isothermal processing conditions for melt 
electrospinning PLA, a slow-crystallising polymer prone to thermal degradation at 
Tms 10 °C or more above its melting temperature (200 °C) [92]. Tm in the melt 
reservoir was maintained at 200 °C (with anti-oxidant thermal stabilisers included), 
and the other melt electrospinning conditions were fixed. To avoid chemical 
decomposition, only the temperature of the spinneret was varied above the melting 
temperature of PLA, since the resident time of the melt in the spinneret was 
estimated to be less than 0.1 s. The melt electrospinning jet zone and collector 
temperatures were relatively low compared to the spinneret temperature to establish 
non-isothermal conditions. Under these conditions, whipping was suppressed and a 
stable jet was sustained. It was observed that when the spinneret temperature was 
increased from 180 to 255 °C (below the PLA thermal decomposition temperature of 
330 °C), the associated reduction in initial melt viscosity only caused the AFD to 
decrease from approximately 4 to 2 μm. At spinneret temperatures above 255 °C, a 
continuous jet was not able to be maintained because the elongational viscosity was 
too low, and as a result droplets of the polymer melt were obtained [92]. It was found 
that at around 240 °C, the zero shear viscosity of the PLA melt was 120 Pa s; which 
is closer to that of some spinnable polymer solutions (117 Pa s for 7.77 wt% poly(p-
phenylene biphenyl tetracarboxamide acid) in dimethyl acetamide [92]. 
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For PP, Dalton et al. found that the highest quality melt electrospun fibres were 
processed using melt viscosities between 30 and 55 Pa s. The addition of the 
viscosity-reducing additive Irgatec to PP-15 reduced the viscosity from 75 to 33 Pa s 
at 270 °C, where the AFD decreased from 36 μm to 840 nm [121]. Nayak and 
colleagues measured the shear viscosity of pure PP, as well as PP with SO and NaCL 
additives, over a wide range of shear rates (0.1–100 s-1) at 200 °C and 20% strain. It 
was observed that the viscosity of the pure PP melt increased from approximately 30 
Pa s at relatively high strain rates, to 40 and 45 Pa s with the respective addition of 
SO and NaCl. The effects of further additives on the shear viscosity of PP as reported 
by Nayak et al. are shown in Figure 2.20.  It is interesting to note that in this case, 
although these additives increased the viscosity of PP, the resulting fibres were 
characterised by a reduction in fibre diameter: the accompanying increase in 
electrical conductivity due to the additives caused the jet to be sufficiently charged so 
that whipping instabilities developed [190]. Wang et al. observed that increasing the 
mass percentage of the additive (di-(2-ethylhexyl)phthalate) to PMMA reduced the 
viscosity and increased the melt flow index (MFI) from 5.7 g 10 min
-1
 (210 °C 0.325 
kg
-1
) to 12 g 10 min
-1
 (210 °C 0.325 kg
-1
). The corresponding AFDs reduced from 34 
to 19.7 μm under constant melt electrospinning conditions [189]. 
 
Figure 2.20. Shear viscosity of pure PP compared with different additives at 7 wt% and 200 °C: 
sodium oleate (SO); poly(ethylene glycol) (PEG); poly(dimethyl siloxane) (PDMS) [179]. 
For a low melting point polymer such as the aliphatic polyester PCL, with 
relatively low Mw and low melt viscosity, the decrease in melt viscosity with 
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increasing Tm can be described mathematically [286]. At Tms which are more than 
100 °C above Tg, as in the case of PCL (Tg = −60 ºC), the melt viscosity/temperature 
(ηmelt/Tm) dependence shows close adherence to the Arrhenius-type equation:  
;[286]  
where A is a constant (pre-exponential coefficient), Ea is the activation energy 
for viscous flow and Ru is the universal gas constant. Thus, a graph of ln ηmelt against 
1/Tm yields a reasonably straight line of slope E/R which, for most polymers that 
satisfy the above criteria, usually extends over a temperature range about 50–150 °C 
wide [287]. 
Although PCL has a wide melt processing range owing to its low melting point 
and high thermal stability, in our experience a Tm of 80-90 °C yielded fibres of 
optimum quality in terms of their smooth surface appearance and uniformity of 
diameter [230]. At higher Tms more heat needs to be dissipated from the melt 
electrospun fibre as it cools, and there is insufficient time for fibre solidification, 
resulting in coalescing of the polymer on the collector surface. Investigating the 
viability of using a screw extruder to deliver PCL for melt electrospinning, Mota et 
al. demonstrated that the viscosity of linear PCL (Mw = 50,000 g mol
-1
) could be 
reduced by more than 17 times from 829 to 48 Pa s by using a three-arm star poly(ε-
caprolactone) (*PCL) (Mw = 64,000 g mol
-1
) [183]. A comprehensive list of the 
reported thermal/viscosity properties, and viscosity reducing additives where 
applicable, is provided for each melt electrospun polymer in the tables at the end of 
this chapter. 
2.5 MELT ELECTROSPINNING CONFIGURATIONS AND PROCESSING 
PARAMETERS 
Even though the cost of establishing a melt electrospinning device is slightly 
more than solution electrospinning, it remains relatively low compared to many other 
filament fabrication technologies [223]. The majority of melt electrospinning devices 
are currently found in research settings where their design and construction is largely 
customised, where the choice of components is often governed by their availability. 
Consequently, there is no consensus on the optimal design for a melt electrospinning 
device, and many varied configurations have been utilised (Figure 2.21). In many 
research laboratories, a single spinneret system can be assembled and operated on a 
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bench without a ventilation system. The main functions such a machine should 
provide include: 1) a supply zone where polymer is delivered in a molten state to a 
spinneret; where 2) it can become electrically charged due to a HV potential 
difference between this location; and 3) a fibre collection zone; where the polymer 
becomes sufficiently charged to form a Taylor cone which is electrostatically drawn 
as a polymer jet across a 4) “melt electrospinning jet zone” towards the collector 
zone. In this region cooling and solidification of the melt jet takes place. 
 
Figure 2.21. Images and schematics of varying melt electrospinning device configurations. A) 
Example of a custom-built melt electrospinning device. The various components are fixed to a single, 
portable unit. The dimensions, excluding the external circulating fluid source, are 350 × 350 × 580 
mm
3
. A syringe pump is used to extrude polymer which is melted in a syringe placed in a glass water 
jacket, through which heated water is circulated. Positive high voltage is applied to a needle and the 
melt electrospinning jet travels down to a grounded metallic collection plate  [221]. B) Needleless 
melt electrospinning device, where the edges of a grounded disc are covered uniformly with a thin 
layer of molten polymer as it rotates through a melt reservoir. The polymer is electrostatically drawn 
from the top edge of the disc upwards, towards a charged collector plate above the reservoir [223]. C) 
Melt electrospinning in a vacuum, where polymer pellets are placed in a copper cup with a small hole 
in the bottom and melted using a radiant heater. Variable positive and negative high voltage sources 
were applied to the cup and the collector, where a difference in electric potential charged the polymer 
and drew a melt jet sideways towards the collector [173]. D) Melt electrospinning using a screw 
extruder: 1) screw;  2) screw drive motor; 3) hopper; 4) spinneret; 5) die; 6) collector; 7) where a high 
voltage power supply is connected to the collector and the extruder is grounded to protect the 
electrical components [206]. E) A miniature screw extruder head is configured for melt 
electrospinning, where similar to D), high voltage is applied to the collector [183]. F) A laser melt 
electrospinning system, where a rod of solid polymer is fed through a spinneret and melted using a 
CO2 laser irradiating from three directions [219].   
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2.5.1 Polymer Melt Supply Zone 
One simple and often utilised method to supply polymer to a melt 
electrospinning system is to load polymer pellets into a syringe (either plastic [178, 
208, 221, 230, 231], metal [181, 213] or glass [62, 121, 212]) and preheat the 
material to remove any pockets of air so that an uninterrupted supply of polymer can 
be maintained. The syringe is then placed into a heating jacket to maintain a reservoir 
of polymer melt at a constant Tm. The jacket can be heated directly through 
resistance heating [92, 123-125, 198, 204, 212, 227], with recirculating water [18, 
121, 126, 208, 218, 221, 230, 231] (Figure 2.21A) or oil [62, 192, 226] or by using a 
heat gun [121]. Alternatively, polymer pellets can be loaded into a custom metallic 
heating chamber [118, 177, 179, 180, 187, 189, 190, 197, 205, 213-215, 224, 228]. A 
syringe pump connected to the syringe or to a driving piston in custom heating 
chambers is typically used to control the extrusion of the polymer melt (Figure 
2.21A) [18, 57, 62, 92, 121, 123-126, 177, 179, 189, 190, 198, 208, 218, 221, 226, 
227, 230, 231], although other mechanically [181, 197, 213, 216] or pneumatically 
[118, 178] driven configurations have been assembled. In some cases the polymer is 
heated sufficiently to flow solely under the influence of gravity or be drawn by the 
electric field (Figure 2.21C) [155, 173, 186, 192, 205, 212, 214, 215, 224, 228]. 
Polymer pellets have also been loaded into screw extruders, adapted for melt 
electrospinning (Figure 2.21D and E) [86, 122, 183, 185, 200, 206, 220]. For 
polymers which are prone to thermal degradation when stored for extended periods 
above their melt temperature, several groups have sought to minimise the heating 
time the polymer is subjected to by preparing monofilaments [196], rods [188, 202, 
211, 219, 236] or bundles [184] of solid polymer which are mechanically fed into a 
laser melting zone (Figure 2.21F). A radiant heater has also been utilised to establish 
melt electrospinning in a vacuum environment (Figure 2.21C) [173]. 
2.7.1.1 Spinneret Design 
In the majority of cases to date, a single, electroconductive spinneret has been 
used in melt electrospinning. Generally this comprises a flat-tipped hypodermic 
needle connected to the syringe or custom heating chamber, through which the 
polymer melt is extruded (circular cross-section). There also exists the potential to 
produce hollow and noncircular cross-sectional fibres by changing the nozzle shape 
[204]. Alternatively, a custom die connected to the heating chamber has been 
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manufactured [179, 185, 190, 206]. In some spinneret designs, the nozzle is heated 
independently from the melt chamber/reservoir by a second heater: the reservoir is 
maintained at a temperature above the polymer melting point to allow the polymer to 
be driven by a plunger, but as low as possible to minimise thermal degradation. The 
spinneret temperature is increased to lower the viscosity of the melt at the point 
where it must flow through the fine diameter spinneret, as well as to prevent the 
Taylor cone from solidifying near the spinneret [92, 123-125, 180, 181, 187, 192, 
197, 198, 227]. 
Praeger et al. report a method where a gold wire is continuously dipped into a 
polymer melt reservoir and the melt is electrostatically drawn from the free surface 
of the wire, though this is prone to low rates of production [186]. With a view to 
improving the productivity of the process, several groups have investigated designs 
to establish multiple melt electrospinning jets. Hacker et al. designed and 
manufactured a 64 nozzle spinneret head (Figure 2.22A) [220], while several other 
groups have devised “needleless” spinneret designs. Shimada et al. have reported a 
laser line process where multiple Taylor cones can be established on a heated film of 
polymer (Figure 2.22B) [193]. Komarek et al. describe “rod” (Figure 2.22C) and 
linear “cleft” (Figure 2.22D) designs onto which a film of polymer melt flows from a 
reservoir [205], and Liu et al. developed an umbrella-like spray head onto the surface 
of which polymer melt flows and automatically forms multiple Taylor cones at the 
bottom edge of the head in a HV field (Figure 2.22E) [180, 194, 197]. Fang et al. 
designed a moving part spinneret, where a rotating metal disc partially immersed into 
a polymer melt bath is used as the fibre generator, underneath an inverted fibre 
collector at a different HV potential (Figure 2.21B). It is proposed that multiple discs 
can be attached along the rotating shaft to upscale this process [223]. 
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Figure 2.22. Various melt electrospinning spinneret designs to generate multiple Taylor cones. A) A 
multi-nozzle melt electrospinning design concept [220]. B) Flow of molten polymers during the laser 
melt electrospinning process [193]. Similarly in C) rod [205], D) cleft [205] and E) umbrella-like 
spray head designs [194],  a thin film of polymer is electrostatically drawn into multiple Taylor cones. 
2.7.1.2 Application of High Voltage 
In many melt electrospinning devices, a positive HV source is connected to the 
metallic spinneret and a conductive substrate acting as the fibre collector is 
electrically grounded. Alternatively, negative HV sources have been applied to the 
spinneret [18, 121, 182]. Such configurations introduce the risk of arcing from the 
charged spinneret to other conductive metallic components in the polymer delivery 
mechanism if the spinneret is not shielded from these components. While the use of 
non-conductive glass heating jackets and plastic syringes (acting as a buffer between 
the spinneret and the driving syringe pump) [208, 221, 230, 231] is one simple 
strategy to avoid arcing, such designs are restricted to low melting point polymers 
below the temperature of the fluid circulated in the jacket. Other designs by Kong et 
al. [204] and Zhmayev et al. [92, 123, 125, 198, 227] have used resistive elements 
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embedded in electrically insulating, thermally conducting ceramics to achieve higher 
melt reservoir and spinneret temperatures. 
Another approach to protect the components in the polymer delivery 
mechanism from electric discharge is to reverse the HV configuration in the melt 
electrospinning system. The spinneret and the polymer delivery mechanism become 
grounded and HV (positive [62, 86, 122, 124, 181, 185, 189, 206, 212-215, 224, 228] 
or negative [179, 190]) is applied to the collector substrate (Figure 2.21B-E). 
However in these configurations for a given HV, the density of the electric charge 
available to charge the melt extrudate and  form a Taylor cone is diminished: the 
extrudate must now be charged across the gap between the collector and the 
spinneret rather than charge be directly applied from contact with the spinneret; and 
mostly, the collector substrate has a significantly larger surface area compared to the 
spinneret, which reduces the electric charge density acting on the polymer for a given 
HV. The result is that increased HVs are required to be applied to the collector so 
that there is sufficient electrostatic drawing force on the surface of the extruded 
polymer to form and maintain a Taylor cone [122, 183, 189]. 
Alternatively, Shimada et al. applied a positive HV to the spinneret and a 
negative HV to the collector in order to generate a sufficiently strong electric field in 
their novel laser line melt electrospinning process [193]. Rangkupan et al. used the 
opposite configuration in order to melt electrospin in a vacuum [173]. In a unique 
arrangement, Mitchell et al. positioned the collection surface independently from the 
electrodes in a vacuum to avoid the influence of charge build-up on the collection 
surface on fibre collection over time. This configuration enabled the influence of 
varying collection surface characteristics and materials on fibre deposition and 
morphology to be studied [155]. 
2.5.2 Melt Electrospinning Jet Zone 
One aspect of melt electrospinning device design which is generally not 
reported is the conditions the melt jet is subjected to as it travels from the spinneret 
to the collector. It is assumed that in most cases when these conditions are not 
reported, the melt jet is subject to ambient air conditions at RT; where the effect is to 
rapidly quench the melt jet, inhibiting jet attenuation by rapidly increasing the jet 
viscosity and suppressing the development of whipping instabilities [124]. Fang et al. 
have reported melt electrospinning in a sealed chamber containing Argon in order to 
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reduce the likelihood of arcing and therefore further protecting the working 
components [223]. 
Zhou et al. utilised a guiding chamber with infrared (IR) heating to 
demonstrate that when the temperature in the melt electrospinning jet zone was 
raised from 25 to 80 °C during the melt electrospinning of PLA, whipping developed 
when the melt jet was prevented from solidifying before reaching the collector. 
When the jet zone temperature was raised above Tg (> 55 °C for PLA), the AFD 
continued to decrease; where the whipping motion became stronger and extended the 
residence time of the jet in the melt electrospinning zone, enabling prolonged 
thinning. However the stronger, though more irregular, whipping motion at higher 
temperatures resulted in a greater SD of fibre size distribution [92]. 
Tian et al. found a similar result when laser melt electrospinning rods of PLLA 
and PLLA coated with ethylene vinyl alcohol (EVOH). Raising the jet zone 
temperature from 25 to 80 °C increased the jet thinning time by preventing 
solidification before the melt jet reached the collector, reducing the AFD [188]. 
Kong et al. studied the effect of the jet zone temperature on PP, by installing a ring-
shaped metal heater in a guiding chamber close to the spinneret. The heating ring 
temperatures were controlled from 25 to 150 °C, while the rest of the melt 
electrospinning jet zone was exposed to RT (Figure 2.23) [204].  
 
Figure 2.23. Temperature profile of PP melt electrospinnng jet with various spinneret temperatures of 
330–410 °C, at 20 °C intervals. B) Temperature profile of the melt jet with a spinneret temperature of 
370 °C and secondary heating of 100 °C and 150 °C around the PP melt jet [204]. 
The AFD was observed to decrease significantly when the temperature of the 
heating ring was increased, compared to cases where there was no heating in the jet 
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zone. Additionally, by increasing the TCD, further time was provided for enhanced 
fibre thinning [204]. 
Zhmayev et al. reported that while IR heating is a simple method to reduce 
cooling of the polymer jet in the melt electrospinning zone, the heater footprint is 
difficult to manage. In multiple experimental trials it was found to be very difficult to 
precisely control the spinneret temperature (so as not the burn and/or degrade the 
polymer), while also sufficiently heating the jet in the melt electrospinning zone. As 
an alternative solution, a gas-assisted melt electrospinning (GAME) setup was 
designed, where a heated gas stream was applied around a PLA melt jet, supplied 
through the outer nozzle in a co-axial spinneret design. The gas stream transported 
heat from the spinneret along the outside of the polymer melt, thus delaying 
solidification of the jet. The high flow rate of the gas provided additional drag force 
to the jet surface, leading to further thinning of the fibres without whipping 
instabilities [124]. 
 
Figure 2.24. Schematics of coaxial melt electrospinning spinneret designs. A) Gas-assisted melt 
electrospinning nozzle allows heated gas to surround the melt jet [124]. B) Melt coaxial 
electrospinning setup used for fabricating TiO2-PVP nanofibers loaded with hydrocarbon PCMs [201]. 
2.5.3 Fibre Collection Zone 
Although the majority of melt electrospinning devices are configured so that 
the collector lies directly below the spinneret and therefore the melt jet falls towards 
the collector, it has been shown that the effect of gravity on the jet is negligible 
compared to the driving electrostatic forces. Several groups have oriented the 
collector so that the path of the jet is horizontal, for practical reasons: where Lyons et 
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al. (Figure 2.21D) [122] and Malakhov et al. [86] used a converted industrial 
extruder as the polymer supply system; Kim et al. supplied a second polymer, 
electrospun from the opposite side of a rotating collector drum [62]; as well as in 
cases where the spinneret to collection distance could be more conveniently modified 
over relatively large magnitudes [92, 121, 123-125, 198, 227]. Deng et al. described 
a system where the polymer supply chamber was gradually tilted so that the polymer 
melt flowed under gravity towards the spinneret [228], while in “needleless melt 
electrospinning” Fang et al. described a system where a disc rotating in a polymer 
bath became covered in the polymer melt before being electrospun vertically towards 
a collector above the disc (Figure 2.21B) [223]. 
2.7.3.1 Collector Material 
Generally a stationary metallic substrate such as stainless steel [204], 
aluminium [180, 208, 230] or copper plate [123-125, 184, 188, 193, 196, 198, 202, 
211, 219, 227], or a plate covered in aluminium foil [177, 179, 181, 189, 190, 218, 
288] is used to facilitate simple collection and removal of melt electrospun fibrous 
sheets from the device: where the conducting metal either acts to transfer the 
electrical charge from the collected fibres to ground or transfer charge to the jet. 
Wang et al. compared collecting melt electrospun PMMA fibres onto 
aluminium foil with collecting fibres into a potassium chloride (KCl)/ice-water bath, 
where KCl with a concentration of 10 wt% by weight was used to improve the water 
conductivity. While during melt electrospinning the electric force induces chain 
orientation in the direction of the fibre, Wang et al. postulated that when the fibres 
are collected and the electric force fades away, the molecular chains shrink and 
retract. In this experiment, the KCl/ice-water collector provided immediate resistance 
to polymer chain shrinkage, thereby improving molecular chain orientation and 
obtaining thinner fibres compared to an aluminium collector at RT [189]. Zhmayev 
et al. have similarly employed a cooled copper plate collector [125]. Dalton et al. 
also demonstrated that melt electrospinning could be conducted into an aqueous 
substance [18]. In a method termed “direct in vitro electrospinning”, PCL/PEG-b-
PCL fibres were melt electrospun onto live fibroblast cells in a PS Petri dish which 
was modified by inserting a metallic screw through the bottom of the dish to act as a 
grounded target (Figure 2.25) [18]. 
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Figure 2.25. A) Schematic of direct in vitro electrospinning. B) Melt electrospun fibres immediately 
after being deposited onto fibroblasts [18]. 
Mitchell et al. reported that when a non-metallic collector such as a PS Petri 
dish, Teflon or Pyrex was placed independently between the spinneret and collector, 
the dielectric properties and surface area of such collector materials could be varied 
to distort the electric field the melt jet was subject to.  Increasing the dielectric 
strength of the collector material increased the resistance between the electrodes, 
thereby decreasing the current drawn between the electrodes. Thus, the work 
available to strain the polymer jet was reduced, resulting in increased fibre diameters. 
Further, there was increased residual coulombic charge on the collected fibres which 
caused greater inter-fibre spacing. In contrast, increasing the surface area of the non-
metallic collection surface caused the degree of field deflection to increase. This 
tended to amplify the secondary instability of the melt jet, resulting in smaller fibre 
diameters [155]. 
Wei et al. [178] and Dalton et al. [126] have demonstrated that the focussed 
deposition of melt electrospun fibres can be maintained when using thin glass 
microscope slides as the collector on top of a grounded metallic plate (Figure 2.26). 
Dalton et al. also reported that starPEG modified glass microscope slides could be 
used to improve the adhesion of PEG-b-PCL and PCL melt electrospun fibres to the 
slides when placed in cell culture solutions [126]. 
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Figure 2.26. A) Photograph of patterned lines of melt electrospun fibres collected onto a glass 
microscope slide. The colourful nature of the lines, due to the diffraction of light, is useful in rapidly 
determining whether high-quality electrospun fibres are produced; however, they also indicate the 
diameter of the fibre. The fibre diameters have drifted from 0.70 to 1.16 μm over the course of 
collection, but are almost identical in their local distribution. This fibre colour is also seen with B) 
conventional microscopy. The scale bars for A) and B) are 2 mm and 500 μm, respectively [126]. 
2.7.3.2 Moving Collectors 
One consequence of the focussed melt electrospinning jet is that, although a 
greater volume of polymer melt will be dispensed for a given flow rate compared to 
solution electrospinning (due to solvent evaporation), the surface area coverage of 
the melt fibres will typically be less than that of a whipping solution electrospinning 
jet [235]. While modified spinneret designs such as multiple nozzle heads can be 
used to increase the surface area of fibre collection [220], researchers have also 
begun to employ moving collectors into their device designs. To ensure a consistent 
thickness of their melt electrospun meshes using a single jet, Mitchell et al. translated 
the collection surface in the horizontal plane in concentric circles with decreasing 
diameter from the outer edge of the collection surface, until the center of the surface 
was reached. As fibre collection continued, the motion of the surface was reversed, 
returning to the starting position in concentric circles of increasing diameter. Using 
this approach yielded samples with an average thickness of 0.3 mm [155, 214]. 
Dalton et al. placed a collector onto a manually moving x-y stage to collect 
lines of coiled fibres over areas up to 15 mm
2
. Using a computer controlled x-y stage, 
Mota et al. were able to collect 20 mm
2
 square sheets of coiled fibres [183] and Ko et 
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al. demonstrated similar 100 mm
2 
sheets with 2 mm thickness. Karchin et al. 
mounted 25 x 75 mm phenolic boards and copper plates as collectors onto an 
automatic x-y stage, which was programmed to translate in a raster pattern to ensure 
the boards were completely covered with melt electrospun fibres. The phenolic 
boards were inlaid with copper traces 0.15 mm wide and spaced 2.5 mm apart to 
create parallel and diamond templated patterns (Figure 2.27A) [215]. Melt 
electrospun fibres were observed to deposit randomly as a nonwoven mesh on the 
uniform copper plate, while on the phenolic boards the fibres deposited preferentially 
towards the conductive copper traces. The result was that meshes with controlled 
regions of fibre concentration, according to the template design, were fabricated 
showing a degree of fibre alignment [215]. 
Another common approach which has been used by melt electrospinning 
researchers to fabricate sheets of fibres is to use a rotating mandrel collector and then 
remove the wound mesh and flatten it out (Figure 2.27B) [62, 86, 219, 226]. Or 
alternatively, nonwoven tubular constructs can be fabricated for biomedical 
applications such as vascular prostheses [185].  
 
Figure 2.27. A) Electroconductive templates (left to right: parallel, diamond, and unaligned), used to 
influence the deposition of melt electrospun fibres as shown below [215]. B) Schematic of a collection 
device for the fabrication of tubular melt electrospun structures [185]. 
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When the tangential speed of the rotating collector is increased above that of 
the speed of the melt electrospinning jet, the fibres will be mechanically drawn 
straight, to create sheets of aligned fibres in the direction of rotation [202]. Larrondo 
et al. showed that the additional mechanical winding force could be used to further 
reduce the fibre diameter of PE, where at higher Tms the fibre reduction was more 
significant [118]. 
2.5.4 Instrument Parameters 
To date, nearly all melt electrospinning journal articles have reported on 
experiments conducted to establish appropriate processing conditions for a polymer 
to be melt electrospun, where the resulting fibre morphologies are characterised 
using techniques such as SEM. While the conductivity of the polymer melt is a major 
factor in determining the ability to form a stable jet, as previously discussed, by far 
the most important polymer property to control the diameter of melt electrospun 
fibres is the extensional viscosity. This is largely determined by the Mw of the 
polymer, as well as the presence of additives [197, 224]. For example, in the first 
paper by Larrondo et al. where engineering-grade (i.e., high Mw) PP was melt 
electrospun as received, the resulting fibres were up to hundreds of microns in 
diameter [118]. Dalton et al. showed that the addition of viscosity-reducing additives 
to such PP reduced the polymer chain length and therefore the viscosity, resulting in 
a significant reduction in fibre diameter from 36 μm to 840 nm [121]. 
Extended heating times for polymers such as PLA, susceptible to thermo-
oxidative degradation, will also lead to decreased Mws without the addition of anti-
oxidant additves [180]. Increasing the temperature at the spinneret [86, 92, 118, 121, 
123-125, 162, 180, 182, 183, 185, 192, 194, 197, 198, 204, 214, 218, 224, 227, 228, 
230], as well as in the spinning zone [92, 162, 177, 188, 204] over suitable ranges 
has also been observed to promote thinning of the melt jet by reducing and 
maintaining reduced extensional viscosity and jet viscoelasticity. As the spinneret 
temperature increases, both AFD and standard deviation decrease, and the curve 
eventually levels out at higher spinneret temperatures [92]. 
In addition to controlling the extensional viscosity, once a melt electrospinning 
jet is formed, many studies have demonstrated that the fibre diameter can be 
influenced by varying “in process” operating parameters, which are controlled by the 
instruments used to build the machine. Such parameters include di (where used), Q, 
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V and TCD. The values of these parameters vary over finite ranges which are limited 
by both the ability to form and maintain a melt jet as well as the physical 
characteristics of the equipment chosen [18, 57, 62, 118, 122-125, 162, 178-180, 
183-186, 188-190, 192, 193, 196-199, 202, 204, 211, 216, 218, 219, 221, 227, 228, 
230]. 
Liu et al. conducted an orthogonal design study showing that the influence of 
several instrument parameters on melt electrospun PP AFD was not as significant as 
the MFR, an indirect measure of the Mw [197]. The significance of the adjusted 
parameters on fibre diameter diminished in the following order: MFR > V > TCD > 
Tm. Whereas, the influence on the fibre diameter SD occurred in the following order: 
MFR > Tm > TCD > V. It should be noted that while it was acknowledged in this 
study that Tm has the most significant effect on the viscosity of a melt at a particular 
Mw, the varied temperature scale was conducted significantly above the melting point 
of PP and so a change in Tm did not lead to a significant change in viscosity for the 
different Mw PPs [197]. 
It is important to note that the design and configuration of a melt 
electrospinning device has a significant impact on how the polymer of interest is 
processed. Since to date melt electrospinning devices are built largely “in-house” in 
research laboratories, there are broad differences in how each machine performs the 
functions required for melt electrospinning. This makes it difficult to quantitatively 
compare the effects of varying an instrument parameter on fibre morphology 
between devices and complicates the ability to derive definitive relationships for a 
particular polymer, between all of the instrument parameters acting in combination. 
For example, different spinneret geometries and collector geometries will affect 
charge transport to the polymer as well as the electric field profile to which the 
Taylor cone is subjected. Furthermore, according to Mitchell et al. the common 
practice of grounding the collection surface to act as the lower potential electrode 
does not allow the instrument parameters to be independently controlled [155]. 
Typically in the literature, one instrument parameter is varied at a time while 
the other parameters remain fixed and the effect on fibre diameter is characterised. 
However, the interdependence between instrument parameters and the melt 
electrospinning conditions is illustrated in the following example by Dasdemir et al., 
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where the electrostatic forces (fe) which act to stretch the melt electrospinning jet 
were defined as: 
 [216]; 
where e is the charge on the jet, V is the applied voltage, and h is the TCD. 
According to this model, the magnitude of fe can be controlled by varying the 
strength of the electrostatic field (V/h). Thus, more stretching could be achieved at 
higher V/h and this could result in a decrease in fibre diameter. Higher V/h can be 
achieved either by increasing the applied HV or by reducing the TCD, or both [216]; 
Dasdemir observed the general trend that the AFD of melt electrospun TPU fibres 
decreased with increasing V/h [216]. Similar results were also reported for other melt 
electrospun polymers such as PE [118], PP [118, 122] and PEG-b-PCL with PCL 
[18]. 
Deng et al. showed the AFD of LDPE continuously decreased by raising V at 
fixed h [228]. When V was fixed and h decreased, there was not the expected 
monotonic decrease in AFD as a function of increasing fe. Although the AFD initially 
decreased as h was reduced, there was a pronounced increase in AFD at low values 
of h. These results suggested that at too short TCDs, the melt jet did not have 
sufficient time to elongate. When the TCD was too long, the reduced fe also resulted 
in thicker fibres [228]. Then V and h were simultaneously adjusted so that fe 
remained constant. At low V and low h, relatively thick fibres were produced. As V 
and h were simultaneously increased, the AFD initially decreased until a point where 
it started to increase again, despite the constant fe [228]. Unfortunately in this study, 
the authors neglected the power law relationship between V and h, where according 
to Coulomb’s law the magnitude of fe is directly proportional to V and inversely 
proportional to h
2
 [177]. Instead, the values of V and h were varied linearly to 
maintain a constant fe. 
Of the instrument parameters, material delivery rate is generally reported to 
have the most significant influence on fibre diameter; where increased supply of 
polymer to the Taylor cone will reduce the charge density and therefore the 
electrostatic drawing effect [4, 227]. However, the mechanism to supply polymer to 
the Taylor cone influences the manner and therefore the unit used to describe the 
material delivery rate: for screw extruders units of “screw turns” (rpm) [183, 185, 
206] are used; compared to the programmed flow rate (L h
-1
) when a syringe pump is 
 77 
 
used to directly plunge molten polymer through a syringe [18, 62, 121, 123-126, 198, 
208, 218, 221, 222, 227, 230, 231]; the linear feed rate (m s
-1
) is reported when a 
stepper motor is used to feed solid polymer rods to a melting zone [184, 188, 193, 
196, 202, 207, 211, 219, 236]; and in other devices no Q is reported, where the 
polymer melt flows to the spinneret under the influence of gravity and is drawn 
through the spinneret by the electrostatic force [155, 173, 186, 192, 205, 212, 214]. 
In addition to affecting the density of charge transported to the polymer, di also 
effects the fluid flow rate to the Taylor cone [125]. Interestingly, during the 
development of a non-isothermal model, Zhmayev et al. showed in a plot of 
dimensionless di versus distance from the spinneret that although the initial jet 
profiles are affected by varying di, the final fibre diameters remain literally 
unaffected. They proposed that their experimental observations of decreasing final 
fibre diameters with decreasing di in a previous study [92] should be attributed to the 
inadvertent decrease in flow rate due to increased pressure drop in the needle. This 
finding is in agreement with the studies by Kirichenko et al. on lower viscosity fluids 
that concluded that the asymptotic limit of the fibre diameters is a function of the 
flow rate and not of the nozzle size [289]. In practice, experiments are often 
conducted using TCDs significantly shorter than the asymptotic limit of the melt 
electrospinning jet. In these cases, when all of the other instrument parameters are 
held constant, using a smaller di has been reported to result in smaller fibre diameters 
[177]. 
During the fabrication of melt electrospun PLGA fibres, Kim et al. observed 
the following influences of the instrument parameters: the AFD decreased with 
increasing Tm due to the lower melt viscosity; the AFD increased gradually with 
increasing Q and increased di; while V and TCD were observed to have a negligible 
effect on the AFD of the melt electrospun fibres. The significance of the effects of 
these processing parameters on the AFD of melt electrospun PLGA fibres was 
reported in the order Q > Tm > di > TCD > V [195]. Using a suitable combination of 
these processing parameters, the AFD of PLGA fibres could be controlled. A 
significant decrease in AFD was measured at lower Q, potentially due to the 
formation of a smaller Taylor cone with the decreased volume of polymer melt 
supplied [195]. In contrast, during the melt electrospinning of PCL Ko et al. reported 
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that increasing Tm led to a significant increase in AFD when di was held constant, 
due to the accompanying decrease in polymer density [177]. 
 
Figure 2.28. Relationship between the AFD and melt electrospinning processing parameter for 
PLGA: A) polymer melt temperature; B) mass delivery rate; C) spinneret inner diameter; and D) 
applied voltage [195]. 
These reports highlight that the effects of varying instrument parameters are 
not independent of the thermal profile of the melt electrospinning jet, where under 
non-isothermal conditions a series of complex nonlinear relationships will combine 
to affect quenching and thinning of the jet at differing rates. At this stage, in order to 
obtain high-quality melt electrospun fibres, it appears a degree of “tuning” of the 
instrument parameters is required to determine the optimum TCD [4]. While one 
approach to obtain fine fibres is by increasing V and reducing h to induce a large 
electrostatic drawing force on the jet, the speed of the jet may be sufficiently high so 
that it has not cooled to a solid state before reaching the collector, causing molten 
fibres to coalesce on the collector [216]. Higher quality fibres with solid, uniform 
morphology may be achieved by increasing h [18], however this may reduce the 
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amount of fusion between fibres at their crossover points, and therefore weaken the 
overall fibrous structure [216]. 
In summary, melt electrospinning device designs are very diverse, having been 
constructed for research settings where much of the focus is on characterising the 
processability and suitability of various polymers to be processed into submicron and 
micron- scale fibres. While low cost single spinneret and static collector designs 
provide sufficient data for such preliminary proof of principle and characterisation 
work, there is a growing trend towards using translating collectors. To deliver the 
fibre yields required for industrial applications, such configurations may be 
incorporated into designs which generate multiple melt jets. As melt electrospinning 
becomes more widespread and standardised machines are developed and used across 
many laboratories, the complex relationships between melt electrospinning jet 
material properties and environmental conditions will be better defined and 
controlled through instrument variables. Submicron diameter fibres have been 
obtained from numerous melt electrospinning configurations in different laboratories 
[92, 121, 124, 126, 173, 179, 182, 184, 186, 190, 193, 201, 218, 220], with the 
smallest diameter reported thus far for non-mechanically drawn fibres being between 
25 and 250 nm [186]. For reference, the tables at the end of this chapter provide a 
complete summary of all the reported processing conditions for each polymer melt 
electrospun to date and the resulting fibre diameters, as well as comments on the 
configuration of the machine used. 
2.6 MELT ELECTROSPINNING AND OTHER FIBRE FABRICATION 
TECHNOLOGIES 
For melt electrospinning to move towards being a viable process choice for 
industry, it must deliver added value or provide unique applications not achievable 
by established fibre forming processes. Therefore, a discussion of other “spinning” 
technologies is warranted. These are all based on extrusion of a polymer through a 
spinneret, allowing the continuous production of single or multi-filament materials. 
The polymer is either mechanically drawn as it is wound onto a spool (spinning), 
blown by pressurised gas or subject to centrifugal forces. The properties of the end 
product of each spinning technology depend on the specific process, material chosen 
and processing parameters adopted. Typically, spinning methods are classified into 
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three groups according to the mechanism of solidification of the extruded material: 
solution spinning (evaporation or coagulation); emulsion spinning (phase 
separation); or melt blowing/spinning (cooling) [290]. Solvent-based spinning 
methods are advantageous in terms of the large variety of materials that can be spun, 
lower energy consumption, and frequently superior mechanical, optical, and 
electrical properties of the resulting fibres. However from a manufacturing point of 
view, the production of fibres based on polymeric melt processing is still preferred 
[116]. 
2.6.1 Solution Spinning 
In solution electrospinning the solvent is removed from the fluid filament by 
vaporisation, akin to other solution spinning techniques extensively reviewed by 
Persano et al. [116] and Luo et al. [143] and including: wet spinning [291-293]; dry 
spinning [294, 295]; flash spinning [296, 297]; liquid crystal spinning [298, 299]; 
and gel spinning [300, 301]. Solution spinning is particularly suited to polymeric 
systems which are thermally unstable and degrade while melting. 
The solvent removal process varies between dry and wet spinning (Figure 
2.29B and C). In wet spinning polymer solution is extruded in a viscous coagulation 
bath consisting of a liquid which is miscible with the spinning solvent, but is a non-
solvent for the polymer and therefore involves mass transfer of the solvent and non-
solvent for fibre solidification. This is slower compared to dry spinning, in which 
fibre solidification occurs via evaporation or by blowing hot air or an inert gas on the 
extruded filament: where solvent evaporation and diffusion into air is faster than 
solvent diffusion in a miscible liquid. 
Flash spinning involves extruding a polymer solution under high pressure. The 
increased pressure enables dissolution of the polymer in a liquid that is a non-solvent 
of the polymer under atmospheric conditions. In both liquid crystal spinning (dry-jet 
wet spinning) and gel spinning (dry wet spinning) the state of the solutions extruded 
is between those of a conventional fluid solution and those of a solid.    
2.6.2 Emulsion Spinning 
Emulsion spinning is typically employed to produce fibres from insoluble and 
non-melting compounds. The method allows the production of fibres made of 
fluorocarbons exhibiting high melting point [302], inorganic materials such as 
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ceramics [303] and blends with flame retardant properties [304]. Such materials are 
typically finely ground and mixed with solutions made of different polymers. 
Catalysts and emulsifier agents are also added. The emulsion is then extruded either: 
into a coagulation bath consisting of an aqueous solution of an inorganic salt or an 
organic solvent (wet emulsion spinning); or into air, where it solidifies through water 
evaporation (dry emulsion spinning) [304]. 
The polymer component forming dispersion medium (the matrix) can be 
removed either by: combustion (if the main dispersed polymer is flame resistant) or 
by dissolution; or be insolubilised by chemical treatments such as esterification or 
acetalisation in the case of poly(vinyl chloride)-polyvinyl alcohol (PVC–PVOH) 
matrix fibres. Post-processing such as heating coalesces the emulsion component and 
dimensionally stabilises the fibres. Additional mechanical drawing improves the 
strength of the product [143]. 
Emulsion electrospinning has been studied for the encapsulation of drugs 
and/or biological agents, either: in a mixture of drug emulsified in a polymer 
solution; or as an emulsion core, co-electrospun with a polymer solution functioning 
as the sheath of the nanofiber  [305]. In addition, this technique allows the capability 
to encapsulate functional dopants and light emitting dyes, as well as to induce high 
alignment of both polymer and nanocomposite fibres [116].   
2.6.3 Application of Pressurised Gas 
Melt and jet blowing are capable of generating micro- and nanofibers from 
polymer melts, rather than polymers in solution. Low viscosity polymer melts 
extruded through a spinneret (die) are disrupted with a high velocity gas/air stream 
which is often heated [306-308]. These processes take place over relatively short 
TCDs. The deformation forces due to the pressurised gas jet rapidly reduce the 
filament diameter: where fibres can be elongated from macro- to submicron 
diameters in 5 x 10
-11
 s, and the depositing fibres are instantly spun bonded as a 
nonwoven [309]. 
Melt blowing (Figure 2.29D) has the highest yield and is the most 
industrialised technology for ultra-fine fibre production. Though nanofibers have 
been achieved, meltblown non-wovens often have a broad range of diameters from 
the nano-scale to above 20 μm [310]. The most consistent lower diameter range of 
commercialised meltblown fibres is 2 μm [311]. Limitations include inconsistent 
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fibre characteristics, limited number of usable polymers, dispersion of spherical 
particles among the fibre mat, fibre breakup between the die and collector and 
difficulties in achieving fibre diameters less than 500–800 nm [111, 312, 313]. Much 
of the complexity of the process lies in the die design which must be optimised for 
each material processed and required diameter distribution profile (Figure 2.29E) 
[306]. 
Recently Hills Inc. and Irema Filters developed an innovative melt blowing 
technique that can generate PP nanofibers down to 250 nm AFD [314]. However, 
only PP types with high MFI are suitable. Furthermore, high investment costs are 
required for melt blowing machinery with very fine orifices, and the equipment 
requires a high material throughput for beneficial and profitable industrial use [314]. 
 
Figure 2.29. Schematics showing various fibre spinning processes. A) Melt spinning; B) dry 
spinning; C) wet spinning [315]; D) melt blowing. E) Design of a melt blowing die [143]. 
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2.6.4 Melt Spinning 
In contrast to pressurised gas processes, melt spinning takes place over 
relatively long TCDs, allowing sufficient cooling of the filament so that there is no 
spin bonding which would create a nonwoven fibrous mat. Instead a single filament 
is continuously wound onto a spool, where mechanical drawing of the solidified 
filament reduces the AFD (Figure 2.29A) [316]. For melt spinning, the structural 
properties of the extruded filaments are largely dependent on the take-up speed, 
drawing temperature and draw ratio (which is a measure of the amount of stretching 
undergone by the material during drawing). Both the molecular chain orientation 
along the fibre axis and the overall crystallinity of melt-spun fibres are enhanced  
with increasing draw ratio [316] and take-up speed [317]. Post-annealing processes 
can further increase the crystallinity and/or local segmental orientation in the 
amorphous phase, thus resulting in earlier onset of strain hardening [318]. Fibres 
fabricated from melt spinning are extremely long and have relatively high 
mechanical properties with ultimate tensile strength of ~ 340 MPa and elastic 
modulus of 7.1 GPa [319]. Therefore, melt-spun fibres are suitable for textile-based 
fabrication techniques such as knitting, weaving, or braiding [320, 321]. 
The exclusion of solvents in melt spinning removes associated solution 
concentration, solvent residue and solvent recovery concerns: there is no requirement 
for recycling/removal of toxic solvents, improving the safety and throughput rate of 
the process as there is no loss of mass by solvent evaporation [116]. With solvents, 
not only is concentration of the polymer an issue which limits spinnability and 
polymer output, the fibre solidifying process involves mass transfer, which is slower 
compared to the simple heat transfer mechanism during fibre cooling in melt 
spinning [143]. Hence, melt spinning has a lower manufacturing cost and 10–500 
fold higher productivity than its solution spinning counterparts [322]. In addition, 
residual solvent is an issue for biomedical applications, while polymers having no 
appropriate solvent at RT (such as PE, PP and PET) can be processed. Many of these 
advantages of melt processing over the use of solvents can be extrapolated to 
comparing melt electrospinning with solution electrospinning. 
As well as the absence of solvents during processing, the main industrial 
advantage of melt spinning technology is the capability to easily spin multi-
component systems: where many combinations of components have few common 
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solvents [92]. The large spinning speed achievable during the process (thousands of 
m min
-1
) provides high throughput, however drawing instabilities can cause non 
uniformity in the fibre diameters and the high viscosity of the melt required for 
spinning makes it very difficult to generate mechanical forces strong enough to 
reduce fibre diameters to or less than 1 μm [116]. 
Recently techniques such as film splitting [322] and centrifugal spinning [323-
326] have been developed which combine the capability to fabricate nonwoven mats 
with fibre diameters as low as 100 nm and with good throughput. Template melt 
extrusion is another complex process which allows isolated fibres with diameter 
ranges from 150 to 400 nm. However, fibre lengths correspond to the length of the 
template pores and are relatively short (i.e. 60 mm) [327]. Although currently melt 
electrospinning does not offer the same volumes of production, submicron diameter 
filaments are achievable without the mechanical complexity of these processes and 
over relatively short distances by using electrostatic rather than mechanical drawing 
[92, 126]. 
Flash spinning, melt and jet blowing and centrifugal methods are known as 
random-type production methods producing nonwoven fibrous mats [328, 329]. 
However aligned fibres are generally difficult to obtain using these methods due to 
the speed of fibre collection and bonding after leaving the spinneret [329]. Melt 
electrospinning is similar to these processes in the sense that fibres will collect as a 
nonwoven on a static collector. However, because the elongation of the melt 
electrospinning jet is relatively slow, combined with the fact that the jet can be 
focussed, this opens up possibilities not demonstrated with other nonwoven fibre 
formation processes to greatly control the location and direction of fibre deposition. 
Therefore, melt electrospinning offers the potential for improved control over 
nonwoven substrate characteristics such as uniform thickness and porosity. 
Another consequence of the reduced jet velocities in melt electrospinning is the 
possibility to control parameters such as Tm and TCD to dictate whether there is 
bonding or no bonding between fibres as they are collected. Therefore, in addition to 
bonded nonwoven fibrous substrates (similar to melt blowing), if the melt jet has 
cooled sufficiently before it is collected so there is no bonding, a single continuous 
coiled fibre results. This opens up possibilities for melt electrospinning to be adapted 
to resemble processes such as melt spinning or DW (discussed in the next section), 
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depending on the means of fibre collection, and highlights the flexibility of this 
process. Moreover, through modified spinneret designs, melt electrospinning also 
allows the fabrication of composite fibres as in melt spinning [181, 288]. 
Although aligned and continuous fibre bundles can be obtained by methods 
such as melt spinning, the focus of this process has been on winding aligned sheets 
of material absent of pores, and the ability to create complex substrates or structures 
is largely limited [286, 330]. Recently our group demonstrated that the melt 
electrospinning jet can be wound continuously onto a rotating tubular collector in a 
manner similar to melt spinning [231]. Adjusting the take-up speed (at speeds above 
the jet speed) allowed control over the AFD due to induced drawing, as well as 
controlled fibre alignment. At relatively low Tm, there was no bonding between the 
wound fibre at the points where it crossed over itself. By increasing Tm, the wound 
fibre bonded at the crossover points to create a porous tubular structure. When the 
rotating tubular collector was translated back and forth laterally to the jet path, 
controlling the relative speed between the rotational and translational speeds allowed 
the winding angle of the melt electrospun fibre to be controlled. By defining the 
winding angle, tubular structures with controllable micro-patterns and mechanical 
properties could be fabricated using micron diameter fibres. In particular, the porous 
architecture of the tubular structure could be designed in terms of parameters 
including: number of pores; pore size and geometry; as well as total porosity [231]. 
2.7 ELECTROSPINNING AND DIRECT WRITING 
Another group of fibre-based techniques based on micro-extrusion, which 
allow the formation of complex constructs,  include melt extrusion-based DW [321] 
and fused deposition modelling (FDM) [93]. Such techniques are a subset of an 
emerging field of fabrication, AM, which allows the fabrication of complex 
structures with high resolution and reliable precision [331]. In AM, data is read in 
from computer-aided design (CAD), converted into a series of computer generated 
cross-sectional layers and then created automatically as a solid object by a variety of 
processes [17]. Starting from the bottom and proceeding upwards, each layer is glued 
or otherwise bonded to the previous layer, thus producing a solid model of the object 
presented on the computer screen [127]. In AM the selection of material choices 
ranges from paper to various polymers, ceramics, and metals and as such, the 
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layering methods fall into three basic categories: powder-based; liquid-based, and 
solid-based systems [17]. 
The suitability of a material to each AM process is largely distinguished by the 
state in which the material can be supplied. As well as the mechanism required to 
bond and solidify the successive layers. For example, material which can be 
delivered in a powdered form and will fuse but not decompose under a laser beam is 
used in selective laser sintering (SLS) [332, 333]. Alternatively, powders can be 
bonded together by a liquid adhesive in 3D printing. Stereolithography (SLA) [128] 
is a liquid-based AM method in which a photopolymer is cured by a ultraviolet (UV) 
laser beam guided according to the CAD cross-sectional data [128]. Although objects 
with submicron resolutions are achievable with SLA [334], the limited number of 
commercially available resins that rapidly solidify upon illumination with light has 
often been considered the main limitation of the technique [128]. 
Solid-based AM processes provide the advantage that thermoplastic polymers 
can be processed in their pure form by heating into melt and subsequent shaping, 
after or during which the polymer will solidify again [335]. Industrial extrusion 
processes, typically used for injection moulding or to feed melt spinning, have 
recently been miniaturised and adapted to AM (Figure 2.21E) [247, 248, 335]. In 
micro-extrusion, polymer pellets are inserted into a reservoir and melted, then pushed 
along a feeding channel by pressurised air. The feeding channel leads the material to 
an auger-type screw, which transports the melt forward. Alternatively direct plunge 
methods can be used [336, 337]. Eventually the polymer is extruded through a nozzle 
as a continuous thin filament, the diameter of which largely depends on the nozzle di 
[335]. 
In melt extrusion-based DW, the nozzle is located in close proximity to a 
collector platform. The extruded filament is deposited directly onto the collector, 
according to the pattern described by the computer-generated layer, thus forming a 
single layer of the scaffold. As the material is deposited, it cools, solidifies and bonds 
with the adjoining material. When one whole layer is deposited, the base plate moves 
down by an increment equal to the height of the filament and the next layer is 
deposited. This is repeated for all subsequent layers of the product, until the 3D 
object is completed [27]. 
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One limitation to melt extrusion processes is the thermal vulnerability of some 
polymers, including PLA, which degrade due to chain scission when they are heated 
for an extended periods above their Tm in the feed reservoir [338, 339]. In contrast, 
FDM uses a solid polymer filament which is fed by motorised drive wheels in to a 
heated FDM extrusion head, maintained at a temperature slightly above the melting 
point of the filament material. Thus the polymer is only melted just prior to being 
dispensed directly onto the collector, where a support material dispensed in parallel. 
The solid filament entering the extrusion head acts as a piston to push the molten 
material in the extrusion channel towards the exit [28]. Although this reduces the 
residence time of the polymer in the heating compartment and allows continuous 
production without the need to replace the feedstock, in FDM the additional 
complicated precursor material preparation step of filament forming is necessary 
[26]. Although these processes allow excellent placement resolution, currently the 
lower limit of the filament diameter achievable is restricted to approximately 100 
μm. This is due to the high pressures required to extrude relatively high viscosity 
polymer melts through small diameter nozzles [208]. 
In many aspects, melt electrospinning can be considered an extension to such 
melt extrusion-based AM techniques. Whereas in DW the extruded polymer is 
applied directly to a collector surface, or previous layers of the build object, in melt 
electrospinning a separation distance is established between the dispense head and 
the collector. The addition of HV to the spinneret and subsequent electrostatic 
drawing of the charged polymer jet over this distance allows further reduction in the 
filament diameter, i.e. the potential for an improved resolution polymer melt DW 
process [127]. Alternatively, the nozzle diameter can be much larger than in AM 
while still achieving comparable filament resolutions without the high pressures 
required for direct melt extrusion and associated issues with damage to the polymer 
to due shearing as it flows through the nozzle [127]. 
Our group recently reported the development of a melt electrospinning-based 
DW technique which allowed the controlled fabrication of PCL structures up to 10 
mm in height, over relatively large build areas, approaching single micron filament 
resolutions and 20 μm placement resolutions [230]. If the melt electrospinning 
collector is stationary or translated at speeds below that of the melt jet elongation, the 
compressive buckling force as the jet impacts the collector results in coiling of the 
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fibre to create a nonwoven substrate [126, 230]. However when the speed of the 
collector approaches that of the jet, the tensile drag force between the cooling jet and 
the collector balances the compressive impact force. The result is that the 
characteristic fibre deposition buckling is dampened  and a continuous filament void 
of coiling can be collected with remarkable control: using computer-controlled  
translating collectors to print CAD data as achieved in other AM processes [89]. 
More recently, Wei et al. showed subsequently that by reducing the distance between 
the spinneret and the collector, the placement resolution could be improved to 10 μm 
[178]. 
Solution electrospinning researchers have sought improved control over the 
predictability of solution electrospun fibre deposition. This has been achieved by 
reducing the length of the jet to below that at which bending instabilities develop, i.e. 
maintaining a straight jet flight path [235-240]. Scanning tip electrospinning [237] 
and near-field electrospinning (NFES) [239] have used a computer-controlled 
translating collector to show relatively predictable control over the location of 
submicron fibres. However, both of these methods involve dipping a fine conductive 
tip into a polymer solution to supply the polymer as a droplet. The polymer droplet 
approach in these processes limits the total length of nanofiber which can be 
deposited, and fibre thickness is inevitably nonuniform because the polymer droplet 
is consumed during the process. Therefore, such approaches are limited to extremely 
small amounts/areas of deposition, rendering them unsuitable as a method to develop 
3D constructs. Although Chang et al. [238] and Hellman et al. [240] reported a 
similar method to control the location of fibres over a larger area, only a single layer 
of oriented fibres was demonstrated. Such techniques may find 2D applications, 
however solvent and charge accumulation issues may restrict the ability to create 3D 
objects. 
The convergence between electrospinning and AM processes is highlighted in 
recent examples where tissue engineers have combined micro- and nano-scale 
elements in the fabrication of porous constructs [340-342]. Park et al. demonstrated 
an FDM process which was interrupted between each layer to deposit an electrospun 
fibre mesh, creating bimodal TE scaffolds (Figure 2.30). The larger FDM filaments 
created the overall architecture with large pores for cell invasion and provided the 
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mechanical stability of the scaffold, while the electrospun nanofibers provided 
suitable fine structures and large specific surface areas for cell adhesion [127]. 
 
Figure 2.30. A) Hybrid scaffolds containing microfibres and nanofiber matrices fabricated by 
combining alternating layers of FDM filaments and electrospun fibres. B) Photograph of the overall 
3D woodpile structure with dimensions of 9 × 9 × 3.5 mm. C) Magnified image of the hybrid basic 
unit layer composed of microfibres and the electrospun nanofiber matrix [340]. D) Photograph of 
PLGA nano-/microfibre composite scaffold. E) Cross-section SEM image of the PLGA nano-
/microfibre composite scaffold [62]. 
Melt electrospinning provides the potential to bridge these two magnitudes of 
scale, where melt electrospun fibre diameters can be controlled from several hundred 
microns down to submicron ranges. Furthermore, because Q is a key determinant of 
AFD in melt electrospinning, it is possible to create a gradient of filament resolutions 
in a single process by varying only one process parameter. With increasing interest in 
the ability to print periodic thermoplastic structures with sub-10 μm resolution [343-
345], the ability to control melt electrospinning fibre placement would see this 
process potentially adopted in a DW mode as an addition to AM [346]. 
2.8 APPLICATIONS/OUTLOOK 
As reviewed by Gora et al., there are currently more than 50 companies 
worldwide marketing products manufactured from nonwoven ultrafine solution 
electrospun fibres, which offer high specific surface areas to trap materials [113]. 
The predominant industrial application of such products is in gas and liquid filtration, 
including: dust/diesel particulate/smoke/aerosol removal in air intake systems for 
turbomachinery, transport cabins and cleanrooms; gas diffusion and turbine gas 
cartridges; as well as fuel/water separation and air/oil separation in waste water and 
engines. Other applications include composite membranes, reverse osmosis 
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membranes and fuel cell catalyst technologies [113], textiles, separator and 
biomedical applications [224]. 
Donaldson Company Inc. have focussed on the development of filter media in 
areas such as cabin air cleaning, fuel, or oil filters [347], while DuPont market 
similar products, with the addition of medical device filters [348]. Industrial scale 
fibre production devices such as the NanoSpider
TM
 (Elmarco) [349] or Ultra Web
TM
 
(Donaldson Company Inc.) [347] are already currently marketed and widely used in 
worldwide facilities. With the continuous development of ultrafine fibre technology 
and high industry demand for new filtration media, the areas of application will 
rapidly expand. 
The encapsulation of an active substance in a matrix on the nanoscale is 
currently of great interest as it allows for the stabilisation and tuning of the active 
material properties. Such an approach has been used for controlled release, as well as 
stabilisation and immobilisation of catalysts [201, 350]. Recently, encapsulation is 
also broadening the useage of phase change materials (PCM): materials with melting 
points near the temperature of interest such that their heats of fusion can buffer 
temperature variation in the environment [351]. These materials can absorb, retain, 
and release large amounts of thermal energy as they phase transition at their melting 
point. This allows energy to be stored and also gives the insulating material a new 
function-stabilisation of temperature. Due to the increase in energy prices and the 
demand for high performance materials for thermal energy management, PCMs have 
lately become a subject of active research in both industry and academia [201]. 
To date there is no reported industrial use of melt electrospinning, where 
typically the polymer delivery rates required to achieve comparable fibre diameters 
are significantly lower than in solution electrospinning. However, 100% of the melt 
electrospun polymer is collected compared to 2–10% of the total volume processed 
in solution electrospinning [233]. Dasdemir et al. showed that the deposition rate of 
melt electrospun TPU was four times higher than when it was solution electrospun 
under the same processing conditions, though the AFD of solution electrospun fibres 
was much lower than those melt electrospun [216]. Achieving similar fibrous volume 
delivery rates with comparable fibre diameters to solution electrospinning will 
increase process efficiency and allow melt electrospinning to become industrially 
widespread. Currently, modified and multi-spinneret designs [180, 194, 197, 205, 
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220], as well as needleless polymer melt dispensing systems [205, 223] are being 
developed, which demonstrate that multiple Taylor cones can be established 
simultaneously.  
Although melt electrospinning requires equipment not found in solution 
electrospinning, such as heating and cooling systems in order to maintain precise in-
process temperature control, solvent recovery and treatment costs are eliminated. 
This  will ultimately prove more attractive for industrial applications because 
materials can be processed which are environmentally benign [181]. An important 
technological advantage compared to its solution counterpart, is that melt 
electrospinning can be coupled with a screw extruder to supply the polymer melt and 
thus continuous manufacturing is feasible [86, 122, 183, 200]. As previously 
described, melt electrospinning is a fibre spinning process which allows the user 
great flexibility in the type of substrate manufactured. The device configuration, 
processing conditions and fibre collection method can be modified to resemble a 
variety of fibre spinning processes such as melt blowing and melt spinning to create: 
nonwoven fibrous mats with bonded or unbonded fibres; as well as aligned fibrous 
mats and tubular constructs with precisely-controlled porous architectures. 
Additionally, melt electrospinning can be conducted in a DW mode to produce 
complex 3D fibrous devices from  micron-scale fibres which will allow  new 
applications for this process. 
Melt electrospinning enables a wide selection of thermoplastic polymers to be 
processed, including important systems such as PE and PP which do not have 
appropriate solvents at RT [227]. As more and more polymers are demonstrated to be 
compatible with processing by melt electrospinning, the list of potential applications 
will rapidly expand. Currently, proposed applications for melt electrospun polymers  
range from molecular templates [192], glass cleaning [172], chemical catalysis [186] 
and high-temperature gas filters [211], as well as solar sails in space [122, 173]. This 
review concludes with a discussion of the diverse range of applications for which 
melt electrospun fibres are currently being investigated, in fields including: energy; 
environmental, filtration and separation applications; textiles; and biomedicine. 
2.8.1 Energy 
Cho et al. demonstrated the superhydrophobicity of PP fibres melt electrospun 
at elevated temperatures, which can be applied on the surface of solar cells to avoid 
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contamination of the surface and expand the lifetime of the cells [229]. It was noted 
that the major requirement for such hydrophobicity is that the fibre diameters should 
be less than 10 μm. Improved performance over commercially available non-woven 
mats was demonstrated due to the reduced diameters of the electrospun fibres [229]. 
Other potential energy applications which are currently being investigated by melt 
electrospinning researchers include: electronic circuit design [233]; organic 
electronics [179, 190, 344]; piezoelectrics [182]; battery separation [199, 211, 213, 
224, 233]; microelectromechanical systems (MEMS) [344]; as well as micro/nano 
optical [173, 192], thermal and chemical sensors [92, 124, 125, 198, 233, 344]. 
While many of these energy applications can be served by polymeric materials, 
the ability to produce ultrafine fibres readily from glass, with its accompanying 
thermal, optical, mechanical, and chemical properties, will prove very useful, 
particularly in hostile (high temperature, corrosive) environments [186]. 
Electrospinning of glass fibres direct from the melt may also potentially unlock areas 
of interest such as on-chip production of sub-wavelength optical interconnects [352]. 
Although there have been reports demonstrating electrospun glass or glassy fibres, 
these have invariably required the use of a host polymer solution, with subsequent 
postprocessing steps involving heat/chemical treatment to form the glassy material 
[353, 354]. 
To date, the direct production of submicron diameter glass fibres has relied on 
mechanical drawing techniques [355]. However, Praeger et al. recently reported the 
experimental realisation of glass nanofibers by electrospinning directly from molten 
B2O3, demonstrating the viability of electrospinning fibres from non-polymer 
materials with high melting temperatures and higher surface tensions. The resulting 
solid glass fibres had diameters around 100 nm and no post-processing was required 
(Figure 2.31) [186]. 
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Figure 2.31. SEM image of melt electrospun nanoscale glass fibre. Typical fibre widths are ~100 nm 
[186]. 
Another feature of melt electrospinning is the ability to create coaxial fibres 
from polymer blends. In this manner, an inner “core” material can be supplied 
through a capillary which is located concentrically inside the spinneret, and delivered 
inside a stable “sheath” material (Figure 2.24B). This makes it possible to 
simultaneously fabricate fibres from nonpolar polymers and include them in a shell 
of polar polymers, or place solid and liquid substances in the polymer shell, which 
significantly expands the area of application of these materials [86]. Sahoo et al. 
noted that nanocomposite fibres with improved electrical and mechanical properties 
can be obtained by incorporating carbon nanotubes (CNT) into melt electrospun 
thermoplastic polymers [356], where these fibres can readily be employed in energy 
applications such as electrodes in solar cells [173, 233]. Although solution 
electrospinning was identified as an effective method to disperse and align CNTs in a 
polymer matrix, improving the mechanical properties of the nanocomposites, the 
extended π conjugation was disrupted resulting in reduced conductivity of the 
functionalised CNTs [356]. 
Cao et al. recently demonstrated the fabrication of a multiwalled CNT/PP 
conductive fibrous membrane, with fibre diameters between 1−3 μm, using melt 
electrospinning [233]. To improve the dispersibility of CNTs and enhance the 
spinnability of PP fibres, CNTs were first mixed with small amounts of paraffin 
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liquid and then melt-blended with PP prior to melt electrospinning. Compared with 
traditional fibrous membranes, this was reported to provide significant advantages, 
such as: nontoxicity, easy processing, excellent tensile strength and modulus, good 
electric conductivity, good dielectric constant, and hydrophobicity. Potential 
applications were wide ranging, including the preparation of electric devices, 
antistatic protective clothing, coatings on solar cells, TE scaffolds, biosensors, and 
electrochemical detectors [233]. 
2.8.2 Environment, Filtration and Separation 
Filtration and separation processes using fine porous membranes are becoming 
more important and finding increasing applications in process industries, including: 
gas and liquid filtration [57, 86, 92, 121-125, 155, 172, 173, 179, 180, 182, 186, 192, 
196, 213, 216, 218, 220, 224, 233, 357-360]; petrochemical [361]; as well as 
previously mentioned electronic, fuel cell, and clean energy systems [358, 362]. 
Demand for novel, efficient, and long- life filtering and separation media is very high 
[113, 173]. Compared to traditionally used materials, ultrafine fibres can provide 
several advantages such as high surface energy, fine porous structures and relatively 
high strength, which implies less energy consumption during the filtration process 
[113], as well as drastic enhancement in collection efficiency of submicron sized 
particles [92]. Depending on the membrane structure, various fundamental processes 
can be achieved: particles of different sizes can be separated from each other; 
immobilised to improve specific separation or filtration behaviour; or contact 
membranes can be used as mediators to promote contact between two reactive 
components [113]. 
Ultrafine fibres can be used in water filtration to pre-treat waste water before 
reverse osmosis, significantly reducing power consumption, system maintenance 
costs, while providing the ability to operate with higher flux [363]. Melt electrospun 
fibres may be useful in the production of large quantities of filters for such industrial 
and domestic applications, reducing the large volumes of toxic solvent and waste 
associated with solution electrospinning. Polymers such as N6 [86, 123, 193, 196, 
198, 222], PE [118, 219, 228] and PP [118, 121, 122, 173, 179, 185, 187, 190, 196, 
197, 204-206, 213, 220, 223, 224, 226, 233], which are used in industrial filtration, 
have been processed using melt electrospinning. Dalton et al. have demonstrated that 
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melt electrospun fibres from such polymers can have diameters small enough to be 
used as nanofiltration membranes [121]. 
PET has been melt electrospun by groups including Ogata et al. [192, 196, 203, 
211] into membranes which may be applicable to the food industry in applications 
such as apple juice clarification [364]. Rajabinejad et al. demonstrated that melt 
electrospinning used PET bottles into ultrafine fibres is a viable technique to increase 
the degradation rate of the polymer and improve recycling, therefore reducing 
environmental pollution [192]. 
In addition to biomedical applications where it is innocuous and biocompatible 
with human tissues, PLA is well known as a biodegradable polymer in daily 
applications, such as: disposable cutlery, plates, cups, lids, films, and containers for 
liquid foods [194]; as well as being widely employed in packaging and agricultural 
materials [236]. PLA is an eco-friendly polymer, synthesised from natural resources, 
hydrolysed, degraded by microbes, and finally changed to carbon dioxide and water 
under natural circumstances [202]. As such, many investigations have recently been 
conducted on PLA fibres [92, 124, 125, 185, 202, 206, 227] where fibres with 
diameters down to 180 nm have been produced by melt electrospinning [124] for 
applications including dust particle capture in air [92, 180]. 
2.8.3 Textiles 
Melt electrospun fibres may also find application in specialty textiles [121, 
190, 198, 216], including: nonwetting textile surfaces [122]; artificial leather [196]; 
wiping cloths [196]; composite materials reinforcement in military and construction 
[122, 186, 216, 224]; as well as protective clothing from chemical warfare agents 
[173, 199, 216] and from pesticides in agriculture [86, 155, 179, 192, 224, 233]. For 
electrospun webs to work as an effective barrier against liquid penetration in 
personal protective equipment (PPE), the surface chemistry of the selected polymer 
is a critical factor, since the wetting mechanism depends on the surface energy of the 
material. Membrane hydrophobicity with its low surface energy plays a part in 
repellency of the challenge liquid. However protective clothing made of 
impermeable materials may be hazardous, causing hyperthermia under conditions of 
high temperature with low evaporation rates. Thus, the breathability of a material for 
wearer comfort in hot, humid conditions must be considered in combination with 
providing high barrier performance [210]. 
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PP is one of the widely used nonwovens for PPE, because it has relatively low 
surface energy, and it is chemically inert, light-weight, and inexpensive. Lee and 
Obendorf demonstrated a breathable textile made from melt electrospun PP fibres, 
where water vapour was allowed through the fabric, while the hydrophobic surface 
created high barrier performance to water in liquid state. Such protective clothing 
provided high levels of comfort while protecting workers from chemicals such as 
pesticides to a level not previously attained with PP using other processing 
techniques (Figure 2.32) [27]. 
 
Figure 2.32. A) Air permeability as a function of level of nonwoven melt electrospun PP fibre 
coating. B) Air permeability and protection performance of melt electrospun PP web/laminates 
compared with existing PPE materials (P1 = pesticide mixture 1; P2 = pesticide mixture 2) [210]. 
Schreuder-Gibson et al. showed an enhancement in aerosol protection by using 
a fine layer of electrospun fibres as a barrier material to the penetration of chemical 
warfare agents in aerosol form. They found that electrospun webs of N6,6, 
polybenzimidazole, polyacrylonitrile (PAN), and PU provided good aerosol particle 
protection, without a significant change in moisture vapour transport of the system 
[365]. TPUs are also considered to be a good candidate for ultra-light protective 
clothing in addition to synthetic biomaterials such as artificial vascular grafts [216]. 
Schreuder-Gibson reported that one major advantage of electrospinning in the 
manufacture of PPE is that fibres can be applied directly to garment systems, in 
particular onto 3D forms [365]. With the added control over the melt electrospinning 
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jet permitting focussed deposition of fibres, this would allow the thickness of the 
fibrous coating to be varied at specific locations on the garment as required. This 
could be useful in producing “zoned” materials, eliminate costly manufacturing steps 
as well as solve seam-sealing problems that have been limiting factors in PPE [210, 
365]. 
2.8.4 Biomedicine 
One of the most important aspects determining the suitability of a polymer for 
use in biomedical applications is its purity: the quantitative and qualitative presence 
of leakage substances, processing aids, surfactants and catalysers which affect the 
potential for adverse effects, such as local and systemic toxicity [206]. The 
application of commercially found polymers for medical device design requires 
biocompatibility studies according to Standard ISO 10993-1: even when a similar 
polymer, but differing in chemical purity, has been used for similar medical device 
designs [206]. The fact that melt electrospinning allows approved polymers to be 
processed “as received” provides a significant advantage to gain regulatory approval 
over devices fabricated using processes such as solution electrospinning, where the 
removal of toxic solvents through post-processing proves technically challenging and 
expensive [92, 123-125, 179, 184, 186, 190, 198, 212, 213, 216, 220]. 
In most applications of biodegradable polymers and composites, PLA is one of 
the important candidates for high value side and specific applications such as 
prosthetic devices, implants, catheters, sutures and anticancer drug delivery, where 
the degradation products are non-toxic [180, 194]. Biodegradable aliphatic 
polyesters, such as PLGA and PCL, are also widely used in biomedical applications, 
including surgical sutures, implant materials and drug carriers. However, it is 
desirable to modify their surface properties because they have poor hydrophilicity 
and no functional sites for cell recognition. 
Recently Kim et al. showed the surface hydrophilicity and the content of polar 
groups on the surface of melt electrospun PLGA fibres was increased significantly 
without a serious loss of their bulk properties, after plasma treatment in the presence 
of either oxygen or ammonia gas, an environmentally friendly process [195]. While 
Dasdemir et al. demonstrated that TPU, with 60–85% soft segments, has desirable 
properties for biomedical applications including: elasticity, compatibility with tissue 
and blood, thrombo resistance, controlled degradation, excellent hydrolytic stability, 
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and resistivity to microorganisms and abrasion [216]. In spite of these obvious 
advantages, solvent free melt electrospun fibres have not yet been applied in 
biomedicine [181], though research in this field is gaining rapid momentum. 
2.10.4.1 Controlled Growth Factor/Drug Delivery 
In drug delivery, there is a continuously increasing demand for convenient 
systems with controlled dissolution of the active pharmaceutical ingredient (API). 
Sustained drug release is generally needed in the case of drug-loaded implants [366], 
and wound dressings [367] for adequate long-term effect. In addition to sustained 
drug release, oral dosage forms often require enhanced dissolution to achieve 
sufficient bioavailability, which is a significant challenge for pharmaceutical 
technologists because of the increasing number of drugs with poor water solubility 
[181]. 
The potential of solvent-free melt extrusion to increase the drug dissolution 
rate has been demonstrated widely in the literature [368-370], and marketed products 
such as Kaletra® and Isoptin-SRE® (Abbott, Chicago, Illinois) are being prepared 
using this method [371]. Recently Nagy et al. demonstrated the preparation of drug-
loaded amorphous Eudragit® melt electrospun fibres with the release of Carvedilol 
(a drug with poor water solubility), by melt electrospinning a melt-homogenised 
drug–polymer mixture. The drug release rate of the melt electrospun fibres was 
significantly higher than that of the ground extrudate with the same composition, due 
to the increased specific surface area. In this manner, the advantages of 
pharmaceutical melt extrusion manufacturing (e.g. solvent-free, continuous process, 
and effective amorphisation) were combined with solution electrospinning (large 
product surface area) to achieve enhanced dissolution [181]. It was noted that while 
the productivity of using a single spinneret was limited, this can be significantly 
improved using multi-spinneret heads or needleless approaches [181]. 
Another approach for the fabrication of fibrous scaffolds for biomedical 
applications is the stabilisation of small particles, proteins, or molecules in paraffin 
droplets which are  incorporated into a fibrous matrix, allowing release of the 
molecules through the membrane at a controlled rate [113, 201]. Bock et al. recently 
demonstrated the fabrication of biodegradable PCL micro-fibres coated with high 
densities of PLGA microparticles, encapsulating a model protein, bovine serum 
albumin (BSA) (Figure 2.33). This approach allowed precise control over the 
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physical and protein release parameters, which could potentially be tailored to fit any 
protein delivery purpose, including growth factor delivery therapies applied to skin, 
cartilage and bone [232]. Coaxial melt electrospinning has also been widely 
proposed as a promising method for the microencapsulation and controlled release of 
growth factors and drugs [181]. 
 
Figure 2.33. Melt electrospun scaffold layered with high densities of electrosprayed microparticles 
encapsulating a model protein, being developed as a novel strategy for growth factory delivery [232]. 
2.10.4.2 Biosensors 
Melt electrospinning with a coaxial spinneret is also being explored as a 
method for the encapsulation of active solids or liquids in a composite or polymer 
matrix to generate ultrafine fibre-based PCMs. This technique is versatile in that it 
can be used to incorporate materials with different melting points needed for phase 
change applications. While attracting much attention for their phase-transformation 
reversibility and energy-storage and management properties, the practical 
applications of phase change thermochromic materials (PCTM) have been limited 
due to their fluidity after melting: where pure PCTMs cannot be fixed [288]. Because 
PCMTs melt and crystallise repeatedly during use, it is necessary to stabilise them in 
a solid matrix. Recently Li et al. described the fabrication of thermochromic core–
 100 
 
shell nanofibers by coaxial melt electrospinning, where a PCTM was encapsulated in 
PMMA fibres (Figure 2.34). Using a transparent PMMA shell with good optical 
transmission and a thermoresponsive core made of a mixture of crystal violet lactone, 
bisphenol A, 1-tetradecanol (CBT), the fibres had good thermal energy management, 
fluorescent thermochromism, and reversibility [288]. 
 
Figure 2.34. A) TEM image and B) lateral section of thermochromic core–shell PMMA nanofibers 
loaded with CBT, fabricated by melt coaxial electrospinning. C) fluorescent image of CBT–PMMA 
fibres under a fluorescence microscope [288]. 
One traditional PCTM system with stable thermochromic properties involves 
crystal violet lactone (CVL) as a dye and bisphenol A as a developer, mixed with a 
fatty alcohol or fatty acid: where the thermochromic temperature can be adjusted by 
changes in the fatty alcohol or fatty acid. While the phase-change temperature of 1-
tetradecanol matches the human body temperature. The CBT system was shown to 
have an obvious absorption and release process at the melting point of 37–39 °C, and 
there was a fluorescent change at the phase-change temperature. The fabrication of 
such PCTM encapsulated ultrafine fibres has further potential in the preparation of 
body-temperature thermal materials and thermoresponsive sensors with good 
fluorescence signals and body-temperature calefactive materials with intelligent 
thermal energy absorption, retention, and release [288].  
McCann et al. developed a similar method based on melt coaxial 
electrospinning to fabricate phase change fibres consisting of long-chain 
hydrocarbon cores and composite sheaths [201]. This method allowed nonpolar 
solids such as paraffins to be electrospun and encapsulated in one step. Such PCM 
fibres have many potential applications as they are able to absorb, hold, and release 
large amounts of thermal energy over a certain temperature range by taking 
advantage of the large heat of fusion of long-chain hydrocarbons. McCann et al. 
focused on compounds with melting points near RT and body temperature as these 
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temperature ranges are most valuable in practice [201]. The combination of stimuli-
responsive compounds with micro/nanostructures could generate many functional 
materials, which is drawing much attention to the potential of smart materials and 
devices such as biosensors for the detection of harmful foreign materials in the body 
among other applications [186, 224]. 
2.10.4.3 Regenerative Medicine and Tissue Engineering 
RM, and in particular TE, is a field of biomaterials where the development of 
applications based on electrospinning is rapidly gaining interest [105]. In fact, a 
significant proportion of the melt electrospinning literature is currently focussed 
towards developing viable fibrous synthetic biomaterials onto which cells can be 
grown into tissues [57, 62, 121, 122, 126, 155, 173, 177, 178, 183, 185, 186, 188, 
191, 199, 200, 206-208, 212-216, 218, 219, 221, 224, 228, 230, 231, 233] for: 
artificial vascular grafts/blood vessels [122, 173, 185, 192, 197, 206, 208, 216, 231]; 
peripheral nerve regeneration [208, 231]; wound dressings [122, 125, 172, 173, 186, 
197, 200, 228] and dermal substitutes [208, 228]; as well as for implant interfaces 
[155, 372] and establishing disease models [209]. 
The fundamental concept behind TE is to combine a scaffold or matrix, with 
living cells, and/or biologically active molecules to form a “tissue engineered 
construct” (TEC) which promotes the repair and/or regeneration of native tissues [4]. 
Although the functions provided by a TEC should be tailored to assist the repair 
and/or replace the function of specific tissues in a unique state of health and/or 
injury, there are general properties expected from all TECs, including: appropriate 
mechanical properties; non-toxic degradation products; as well as biochemical 
properties and an architecture which supports cell attachment, migration, growth, and 
ultimately tissue maturation [4]. Recently the importance of an open and 
interconnected pore network throughout the TEC has been identified as a critical 
element to ensure that cells invade the entirety of the TEC. Furthermore, this allows 
the transfer of nutrients and waste throughout the cellular network, as well as tissue 
ingrowth, vascularisation, and eventually integration of the TEC with the host tissue. 
Ideally, the gross size and shape of the TEC should also be customised to the patient 
[8]. 
Research on the manufacture of scaffolds for TE has been carried out for more 
than two decades. In addition to establishing a process compatible to the biopolymer 
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of interest and which allows the fabrication of scaffolds which meet the complex and 
numerous requirements for a TEC, there are also practical manufacturing 
considerations: for wider and routine clinical applications, it must be possible to 
manufacture reproducibly, in a sterile environment at an economic cost and speed 
while meeting the requirements for regulatory approval. The fabrication process may 
also need to accommodate the presence of biological components, such as growth 
factors and/or allow cell seeding or incorporation of biomolecules [373]. TECs by 
reason of their very complex requirements, including submicron topographical 
features, have stimulated the exploration of innovative manufacturing techniques 
including AM [4] and conventional chemical methods [8]. Examples of extensive 
reviews on scaffold fabrication techniques include those by Hutmacher et al. [5] and 
more recently, Dhandayuthapani et al. [3]. However, current approaches lack the 
resolution or control of placement of structures, and thus porosity, in a 3D 
environment that has volume relevant to a biomedical device for tissue replacement 
or repair (at least 1mm in all directions) [4]. 
Conventional scaffold fabrication techniques are based on chemical processes 
and include: solvent casting and particulate leaching [9-11]; gas foaming [12-14]; 
and phase separation [15, 16]. However, these processing methods are incapable of 
precisely controlling pore size, pore geometry, pore interconnectivity, spatial 
distribution of pores and construction of internal channels within the scaffold [17]. In 
addition, many of these techniques exploit organic solvents as part of the process to 
dissolve synthetic polymers. This is a significant problem if cells are exposed to 
toxic and carcinogenic residual solvents [18]. 
Solid free form fabrication (SFFF) technologies have recently been introduced 
within TE and include 3D printing [19-21], SLA [22-24], FDM [25-28], SLS [29-31] 
and DW [32, 33]. As reviewed in detail by Bartolo et al. and previously described, 
SFFF is a common name for a number of advanced AM techniques in which 
complex structures are constructed in a layer-by-layer manner according to CAD 
data [34]: in particular, AM techniques which are based on the controlled deposition 
of molten material extruded through a nozzle/orifice [32] are relevant for comparison 
with melt electrospinning. Although these techniques involving 
biocompatible/degradable polymers provide precise control over key scaffold 
architectural features such as pore size, pore geometry and interconnectivity to create 
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an environment promoting cell-invasiveness and growth [5], they currently lack the 
filament resolution (± 5 μm) and thus high specific area required when trying to 
mimic the physical microenvironment of native extracellular matrix (ECM). 
Processes such as FDM (Figure 2.30) are typically limited to a filament resolution of 
approximately 100 μm due to the high pressures required to extrude molten polymer 
through a fine nozzle: where the filament diameter is controlled by di [33]. 
Solution electrospinning has generated great interest over the last 10 years for 
the fabrication of TE constructs [374], providing a user friendly approach (compared 
to other fibre manufacturing technologies) to fabricate macro- to nanoscaled fibrous 
constructs with a variety of properties which encourage cellular adhesion, migration, 
and proliferation: fibre diameters within the size range of the fibrils in native ECM, 
as well as high porosity and surface-area-to-volume ratios [94, 375]. Furthermore, 
electrospinning allows the surface chemistry of fibres to be tailored, the fabrication 
of aligned structures to direct cell growth, and the incorporation of bioactive 
molecules through methods such as encapsulation [55, 376, 377]. 
Although solution electrospun nonwovens provide a dense network of 
interconnected ultrafine fibres, more often than not, the ability of cells cultured on 
such constructs to invade throughout the TEC is limited because the pore sizes are 
smaller than that of the cells [378-383]. For cell migration or infiltration to occur, the 
pore size of a scaffold should at least be the size of a cell [48]. However, due to 
varying cell sizes across cell types the optimal pore size for cell attachment, 
proliferation, and migration is not constant but varies from 5 to 500 μm [49]. For 
cellular growth and vascularisation in bone, pore sizes of > 300 μm have been 
recommended [50], while fibroblasts have been shown to prefer a pore size of 6-20 
μm [51]. The inherently small pore diameters of solution electrospun scaffolds 
(reported as low as 100 nm [37, 52, 53])  are smaller than that of cells and as such act 
as a barrier to cellular infiltration and tissue ingrowth (Figure 2.35) [54]. 
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Figure 2.35. Solution electrospun P(LLA-CL) fibrous substrate where the fibre diameters  range from 
400 to 800 nm. Pore sizes in the nonwoven substrate are < 10 µm, creating a barrier to cell infiltration, 
where endothelial cells are shown to grow only on the surface of the substrate as monolayer [384]. 
An important study by Mikos and colleagues demonstrated that, assuming 
randomly deposited fibres on a flat stationary collector, fibre diameters must be at 
least 4 μm to design and fabricate an electrospun scaffold with a pore size of at least 
20 μm in order to promote cell invasion and growth [40].  With this in mind, recently 
there has been a move away from using nonwoven solution electrospun substrates, 
where the fibres are randomly deposited, in order to develop cell invasive TE 
scaffolds. It has been observed that ordered and aligned fibres are preferential in TE, 
amounting to guided cell growth [55]. Various device configurations have been 
explored with varying degrees of success to discretely position and place fibres in 
specific locations and patterns. As well as guiding cell growth, this opens up 
opportunities to increase the pore sizes of such constructs, and therefore promote 
cellular infiltration while using submicron diameter fibres [39]. On the other hand, 
melt electrospun fibres used in the fabrication of nonwovens provide pore sizes 
typically on the preferable scale described by Mikos (Figure 2.10). 
Methods investigated by electrospinning researchers to improve fibre 
alignment have included: manipulating the electric field in an attempt to control the 
flight of the charged electrospinning jet [56-60]; introducing a rotating 
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collector/mandrel into the experimental setup and then removing the wound mesh 
and flattening it out [61-71]; or combining these two approaches [55, 64, 72-76]. 
Specific approaches to increase pore size include: the use of patterned 
electro‐conductive collectors, either in the form of ridges and indentations or grids 
with pores in between, which act as templates to form patterned 2D solution 
electrospun meshes [2, 77, 78]; collecting fibres onto liquid media [79-81]; or post-
electrospinning modifications, which involve the adaptation of hydrogel modification 
techniques, where the polymer of interest is co-electrospun with another sacrificial 
polymer. The sacrificial polymer is then dissolved away in a solvent that has no 
effect on the structure of the polymer of interest [82-85]. 
Although scaffolds with improved fibre alignment and a broad range of pore 
sizes from 10-931 μm [39] have been fabricated, precise control over inter-fibre 
spacing or the ability to create complex patterns remains elusive as there is still a 
degree of randomness in the approaches described above [77, 86, 87]. In solution 
electrospinning, the build‐up of electrostatic charges on the deposited fibres and/or 
the collector causes a loss of control of fibre location over time before the structures 
obtain any relevant thickness to be classed as a truly 3D TE scaffold [36]. 
Furthermore, it is currently reported that the fibres forming these structures are very 
loosely connected, rendering them unsuitable for applications where structural 
integrity is required [36]. Thus, the conditions required to form 3D structures with 
well-defined porous architectures using solution electrospinning are still unclear. 
Recently, improved control over solution electrospun fibre deposition has been 
achieved by adopting AM principles with a computer-controlled translating collector 
and short TCDs to avoid bending instabilities in the jet [66, 88-90]. However, these 
methods have been limited to extremely small deposition areas/thicknesses and the 
removal of accumulated solvent is a significant issue for mass production, becoming 
more challenging as the TCD is reduced. Hence the difficulty to fabricate constructs 
with a thickness relevant to TE applications remains, while the chemicals used to 
dissolve the biopolymers may leave residues which can affect the biocompatibility of 
the TEC and induce an undesirable host response. These factors create a challenge to 
establish good integration between the TEC and the host tissue [4]. 
Melt electrospinning becomes a viable technology for the production of TECs 
as processing can take place in a sterile sealed environment, without the requirement 
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for evaporation of toxic solvents [221]. Detta et al. demonstrated the melt 
electrospinning of pure PCL to produce nonwoven meshes with pore sizes in a range 
to make them cell invasive [221]. Furthermore, the melt electrospinning of nonwater 
soluble polymers allows fibres to be collected onto water or directly onto cells [18]. 
Dalton et al. melt electrospun fibres from a blend of PEG-b-PCL/PCL directly onto 
in vitro cultured fibroblasts. Cell vitality was maintained throughout melt 
electrospinning and six days later the fibroblasts were shown to adhere to the melt 
electrospun fibres. The morphology of the fibroblasts changed from spread and flat, 
to long and spindle-shaped as their adherance to the fibres progressed. Such a result 
demonstrates an important step for producing layer-on-layer TECs for TE [18]. 
2.9 CONCLUSIONS 
The market for electrospinning equipment and electrospun materials with high 
surface areas and porosities, both for laboratory research and for industrial 
production, is expected to grow significantly due to the many advantages of 
nanofibers and their application in a wide range of industrial fields including energy 
and electronics, environment, filtration and separation, as well as textiles. Melt 
electrospinning is emerging as a fibre fabrication process which offers solutions to 
some of the issues limiting the industrial implementation of its counterpart process, 
solution electrospinning. A recent and rapidly growing list of research publications is 
demonstrating that melt electrospinning enables the production of ultrafine polymer 
fibres in the absence of solvents, which provides benefits including: allowing a new 
variety of polymers to be processed which are not soluble in solvents; while avoiding 
toxicity issues which may affect the collecting substrate and intended application 
outcome; eliminating the costly need to collect solvent fumes and recycle them, as 
well as faster and less complicated material preparation, amounting to higher and 
more cost-effective throughput; as well as the ability to electrospin directly onto a 
desired substrate. Such factors are particularly significant in biomedical applications, 
where approved medical grade polymers can be processed as is, potentially reducing 
medical device development approval timelines and one day may allow fibres to be 
directly applied to a patient as part of a treatment strategy. At the same time, this is 
driving innovative treatment approaches such as the encapsulation of functional 
 107 
 
materials within composite melt electrospun fibres for applications including drug 
and growth factor delivery, as well as biosensors and TE scaffolds.  
 Significant progress has recently been made not only in the fundamental 
understanding and modelling of the melt electrospinning process, but also in the 
development of a broad range of technical melt electrospinning devices. While all the 
requirements of melt electrospinning are not ideal in some cases (where extended 
heating times can lead to polymer degradation and high processing temperatures may 
not be suitable for the processing of specific drugs or bioactive molecules), evolving 
machine designs are demonstrating improved control over the parameters (including 
temperature profiles and accurate melt supply) which govern fibre formation and 
control over AFD. Coupled with strategies such as the addition of viscosity reducing 
additives to the bulk polymer prior to processing, the continual manufacture of 
significant quantities of melt electrospun fibres with AFDs approaching nanofiber 
magnitudes has been readily demonstrated for a range of polymers. Recent melt 
electrospinning device designs such as multiple needle and needleless configurations 
have demonstrated viable pathways to upscale fibre production for industrial 
implementation. Importantly, in-process operating parameters can be varied to 
control the magnitude of AFD from 100s of μm down to 100s of nm without ceasing 
the process. Further advances in the theoretical understanding of the heat transfer, 
stress response and in-flight crystallisation mechanisms for viscoelastic melt 
electrospun polymer materials, coupled with knowledge of their behavioural 
response over varied operating parameters and spinning zone conditions will assist in 
improved process optimisation, performance and applications of melt electrospun 
fibres. 
As improved process control and reproducibility is demonstrated for an ever 
expanding range of melt electrospun thermoplastic and functional polymer materials, 
the research focus will shift towards applications suited to the particular properties 
and characteristics of each material, as well as the manner in which fibres are 
assembled. The melt electrospinning process is compatible with many altered device 
configurations, allowing different fibre collection approaches to produce a variety of 
fibrous structures. Due to the near absence of bending instabilities, the trajectory of 
the melt electrospinning jet is predominantly a straight line, which may enhance the 
benefits of other fibre spinning processes: nonwoven substrates similar to solution 
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electrospinning and pressurised gas fibre spinning approaches may be produced, with 
the potential for improved control over fibre placement leading to more uniform 
nonwoven substrate thicknesses and porosities as well as opportunities for aligned 
fibres by collecting onto rotating drums. 
A reliable and controlled process for the design and manufacture of scaffolds is 
one of the key elements in furthering TE research. Though there are already 
numerous scaffold fabrication techniques available including solvent casting, 
particulate leaching, gas foaming, phase separation and freeze drying, each method 
has its disadvantages: predominantly regarding the ability to precisely control 
scaffold pore size, geometry and interconnectivity. Furthermore, such scaffold 
fabrication techniques often use organic solvents as part of the process to dissolve 
synthetic polymers or porogens, which leads to concerns regarding toxicity. Even 
with many different types of scaffolds available, there is still a need to develop new 
design and manufacturing approaches that allow a systematic change to 3D porous 
architectures. This challenge of accurately controlling the spatial distribution of pores 
and structures within the scaffold has been met somewhat by AM: a broad term for 
an increasing number of techniques in which complex structures are constructed in a 
layer-by-layer manner according to CAD data. Although they provide precise control 
over scaffold architecture, many current AM approaches such as FDM which involve 
biocompatible/degradable polymers lack the fine filament resolutions preferable for 
the production of scaffolds for a range of tissues. 
An alternative processing technique for the fabrication of scaffolds for TE 
applications is solution electrospinning, which provides ultrafine fibres on the scale 
of native ECM. However, solution electrospinning is generally not considered as an 
AM technique due to the dynamic and chaotic nature of fibre deposition which limits 
the ability to create controlled structures with open pore architectures that promote 
cell infiltration. Added to this are toxicity concerns. Therefore, while both AM and 
electrospinning have independently attracted exponentially increasing research 
interest over the past fifteen years, differing shortfalls in these processes for the 
design and fabrication of TE scaffolds remain. 
The melt electrospinning jet, often formed by extruding polymer through a 
spinneret, in many regards resembles FDM processes. With the addition of 
electrostatic drawing, this offers the potential to significantly improve the filament 
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resolution of such processes. However, this literature review reveals no example of 
FDM and melt electrospinning processes being combined in the current state-of-the 
art, which will be addressed in this thesis. Currently there is minimal reported 
characterisation of the deposition behaviour of charged melt electrospun fibres onto a 
variety of moving and stationary surfaces, which will be investigated as fundamental 
work to establish a MEW process. In addition, this work will add to the literature 
directed towards understanding and optimising the processing parameters involved in 
establishing a stable and focussed melt electrospinning jet, with well-controlled fibre 
diameters, which may allow enhanced control over fibre placement compared to 
solution electrospinning where the jet is chaotic and unfocussed. 
The establishment of a MEW process in this project will highlight the 
fabrication of a new class of highly-ordered ultrafine fibrous materials and their 
suitability for the development of TE scaffolds with innovative features, which 
address the shortfalls in AM and solution electrospinning scaffold fabrication 
methods by allowing: reproducible 3D scaffold designs with precisely controlled 
fibre arrangements and porous architectures sufficiently large to promote cell 
infiltration; fibre resolutions approaching submicron magnitudes to promote cell 
attachment; and the use of biocompatible polymers which can be processed directly, 
without cytotoxic issues. New work is presented, where novel structures are prepared 
in a variety of shapes and forms, characterised and then seeded with a range of cells 
to investigate their biocompatibility, cell-seeding and proliferation behaviour as well 
as the ability to guide cell growth and differentiation. MEW scaffolds combine many 
of the unique and preferential features of scaffolds prepared using either AM or 
solution electrospinning, and is expected to have a significant effect on future TE 
scaffold and biomedical implant design approaches. 
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2.10 SUPPORTING INFORMATION 
Table 2.2. List of melt electrospun polymers including material properties, instrument configurations/parameters and conditions, as well as resulting fibre diameter. 
 
Polymer Description Viscosity Related 
Property 
Heating 
Method; 
Temp. 
Feed 
Method; 
Rate 
Spinneret 
Diameter 
[mm] 
Voltagea 
[kV] 
Collector 
Distance 
[mm] 
Spin Zone 
Gas; 
Conditionsb 
Collectorc Fibre 
Diameter 
[μm] 
Ref. 
PE Marlex 6009 HDPE Melt index 2.0 Electrically 
heated Al 
jacket; 200 - 
220 °C  
Air cylinder 
operated 
plunger; order 
of 1 m/min 
(spin rate) 
2.2 10 - 23 10 - 30 Air; ambient Metallic 
plate 
138 - 190 [118] 
LDPE MFI 
2 g/10min 
Electrical 
heater ring; 
315 – 355 °C 
45 Steel 
piston/cylinde
r; polymer 
drawn by HV 
0.2 - 0.7 30 – 60 
(Collector 
+ve) 
50 - 200 - Flat wire 
mesh 
5 - 33 [228] 
P(EVAL) Various ethylene 
contents 
MFI 
4.7 – 15.1 
g/10min 
Laser; 8 – 16 
W 
Rod fed by 
stepper motor; 
2 – 4 mm/s 
0.2 - 0.5 
(rod) 
15 20 - Cu plate, 
rotating disc 
0.74 - 2.8 [219] 
EVOH Poly(ethylene-covinyl 
alcohol), Kuraray Co. 
MFI 4.4 at 190 °C Laser Line; 45 
W 
Sheet sample; 
0.05 to 1 
mm/s 
N/A 40 
(Spinneret 
+ve, 
collector –
100 - Cu plate 0.9 - 2.5 [193] 
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ve) 
PET Monofilament - CO2 laser; 5 - 
7 W 
196 μm fibre 
feed;  0.04 
m/min 
0.196 
(filament) 
10 - 25 50 - Cu plate 4 - 102 [196] 
Kuraray Co. IV 0.512 – 0.706 
dL/g 
Laser (from 3 
directions); 5 
– 11 W 
Rod fed; 1 – 3 
mm/min 
0.2 - 0.5 
(rod) 
18 - 20 25 - Cu plate, Al 
rotating disc  
1.7 - 4 [211] 
 - - - - - - - Vacuum - 2 - 6 [203] 
 Bottle-grade PET IV 0.45 - 1.2 dL/g Silicon oil 
jacket, nozzle 
heater; 245 – 
255 °C, 200 – 
235 °C 
Pyrex piston 
and cylinder; 
gravity feed 
unknown 25 30 - 90 - Metallic 
plate 
10 – 1001 [192] 
PMMA 
 
IH830 with (di-(2-
ethylhexyl)phthalate) 
(DOTP) added at 
various mass ratios: 
PMMA/DOTP 
(60/40; 70/30) 
MFI 2.3 g/10min 
at 230 °C 
Heating tape 
wrapped 
stainless steel 
tube; 210 °C 
Syringe 
pump; - 
0.6 15 – 25 
(Collector 
+ve) 
30 - 90 - Al foil 
covered flat 
plate, ice 
water bath 
with 10 
wt% KCl 
4 - 34 [189] 
                                                 
 
a
 Positive voltage applied to spinneret and collector grounded unless otherwise specified. 
b
 Assumed ambient conditions unless otherwise specified 
c 
 Collector stationary unless otherwise specified. 
1
 Diameter not quantitatively provided – qualitative diameters provided based on figures. 
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CBT + 
PMMA 
(co-axial)  
CVL–bisphenol A–1-
tetradecanol 
mixed (1:2:20) weight 
ratio (CBT), Aldrich; 
PMMA in solution 
- Heating tape; 
45 °C (CBT) 
 
Syringe 
pump; 0.2 – 
1.0 mL/h 
PMMA in 
outer 
syringe, 
CBT in 
inner 
syringe 
20 - 30 150 - 250 - Al foil Core 0.2 – 
0.4, shell 
0.2 – 0.5 
[288] 
EPO + 
Carvedilol 
butylmethacrylate–(2-
dimethylaminoethyl) 
metachrylate–
methylmethacrylate 
copolymer (1:2:1) 
(EPO), Evonik; 
Carvedilol (CAR), 
Sigma-Aldrich; 80% 
EPO + 20% CAR 
Mw 150,000 g/mol 
(EPO) 
Two-zone 
heated SS 
metal syringe; 
130 °C 
(reservoir), 
155 °C 
(spinneret) 
Microcontroll
er; 0.5 mL/h, 
(0.6 g/h 
deposition 
rate) 
- 35 
(Collector 
+ve) 
100 - Al foil 20 [181] 
Polyalirate Vectra Apparent 
viscosity 
3.358 Pa s at 340 
°C 
Laser (from 3 
directions); 4 
– 10 W 
Rod fed; 1 – 3 
mm/min 
0.2 - 0.5 
(rod) 
18 - 20 25 - Cu plate, Al 
rotating disc 
2.6 - 10 [211] 
Poly(phosp
holipids) 
1-palmitoyl-2-oleoyl-
sn-glycero-3-
phosphoethanolamine 
(POPE) 
- Glass pipette 
wrapped in 
heating band; 
200 °C 
Gravity feed unknown 30 
(Collector 
+ve) 
60 - Al foil 6.5 [212] 
PU Estane 58315 678.3 - 53.8 cP at 
225 – 243 °C 
Band 
heaters; 225 – 
243 °C 
Gravity feed 1 25 – 35 
(collector 
between 
130 - 210 ATM 
pressure 
PS Petri 
dishes, 
Teflon and 
5 - 18 [155] 
 113 
 
spinneret 
and +ve 
electrode) 
Pyrex, 
translating 
in 
concentric 
circles 
 Estane 58315 - Metal sleeve; 
250 °C 
- 2 25 (collector 
at +ve 20) 
160 
(collector 
100 from 
ground) 
- Phenolic 
board 
templates 
with inlaid 
copper 
traces on 
moving 
stage 
36.9 [215] 
 Elastollan, Renko 
Textile 
- Melt flow 
index tester (2 
resistance 
heaters); 205 
– 208 °C 
-; 0.6 g/h 
(deposition 
rate) 
1 4 – 6 kV/cm 60 - 150 Air; 33 °C, 
30% RH 
Al foil 4 - 8 [216] 
BDI/PCL/
BD 
Segmented block PU 
copolymer with 1,4-
butane diisocyanate 
(BDI), PCL diol, 1,4-
butanediol (BD) in 
4/1/3 M ratio, Aldrich 
(PU), purified of 
DBTDL catalyst 
Mw 40 kDa (PU) Two band 
heaters; 220 – 
240 °C 
Gravity feed 0.5 30 
(Collector 
+ve) 
130 - Cu strip on 
glass 
microscope 
slide 
moving in 
concentric 
circles on 
xy stage 
11.2 [214] 
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Nylon-6 Monofilament - CO2 laser; 14 
– 20 W 
188 μm fibre 
feed;  0.04 
m/min 
0.188 
(filament) 
15 - 20 50 - Cu plate 1 - 4 [196] 
 Hyosung, Inc.  MFI 3 Heated 
spinneret; 270 
– 310 °C 
Syringe 
pump; 1.17 – 
5.0 x10-10 
m3/s 
1.07 20 100 - Cu plate 1 - 10 [198] 
Hyosung, Inc.  MFI 3, zero shear 
rate viscosity 
192.5 at 250 °C 
Heating 
element 
embedded in 
ceramic; 250 - 
300 °C 
Syringe 
pump; 0.003 - 
0.02 mL/min 
0.41, 1.07 20, 28 100 Air; 25 °C Cu plate 1 - 10 [123] 
 Hyosung Co. Relative intrinsic 
viscosity 2.61 
Dual electrical 
heating; 270 
°C (reservoir), 
280 °C 
(spinneret) 
-; 0.42 mL/h 0.26 29 
(Collector 
+ve) 
90 Air; RT, 
210 - 220 
°C (IR 
heater near 
spinneret)  
Metal plate 0.9 (IR 
heating), 4 
(RT) 
[222] 
(Nylon 
6/12) 
Poly(amide
-6) 
Poly 
(hexamethylene 
dodecanediamide), 
Aldrich 
- Line laser; 45 
W 
Sheet sample; 
0.05 - 1 mm/s 
N/A 40 100 - Cu plate 0.8 - 2.2 [193] 
(Nylon 
6/12) 
Poly(amide
-6) 
 
Stearic acid and oleic 
acid additives (2-10 
wt%), Aldrich 
1.5 – 30 Pa s Extruder; 305 
– 345 °C 
Screw 
extruder; -  
- 130 
(Collector 
+ve) 
450 - Rotating 
collector 
0.5 - 20 [86] 
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Table 2.3. Summary of polypropylene material properties, melt electrospinning processing parameters and resultant fibre diameters. 
Description Viscosity Related 
Property 
Heating Method; 
Temp. 
Feed 
Method; 
Rate 
Spinneret 
Diameter 
[mm] 
Voltagea [kV] Collector 
Distance 
[mm] 
Spin Zone Gas; 
Temp., Hum.b 
Collectorc Fibre 
Diameter 
[μm] 
Ref. 
Isotactic, Sigma 
Aldrich 
Mw 190 000 Extruder; 200 °C - 1.5 1 – 1.5 / mm 
(Collector 
+ve) 
20 - Cu plate 10 [122] 
Isotactic, Sigma 
Aldrich 
Mw 106 000 Extruder; 200 °C - 1.5 1 – 1.5 / mm 
(Collector 
+ve) 
20 - Cu plate 6.9 [122] 
Isotactic, Sigma 
Aldrich 
Mw 12 000 Extruder; 200 °C - 1.5 1 – 1.5 / mm 
(Collector 
+ve) 
20 - Cu plate 3.5 [122] 
Isotactic, Poly-Mirae  Melt index 900 Ceramic 
heater around syringe; 
330 - 410 °C 
- - 35 100 - 180 Part of spin line; 
25, 100, 150 °C 
Stainless steel 
plate 
25 - 40 [204] 
Isotactic, Poly-Mirae Melt index 1500 Ceramic 
heater around syringe; 
330 - 410 °C 
- - 35 100 - 180 Part of spin line; 
25, 100, 150 °C 
Stainless steel 
plate 
15 - 25 [204] 
Isotactic, Sigma 
Aldrich 
Mn 5 000 Cartridge heater; 230 
°C 
Heated piston  
Reservoir; 
gravity feed 
Needle-less, 
with “rod” 
and “cleft” 
electrodes 
20 - 30 100 - Metal plate - [205] 
Isotactic, Shell 5520 Melt index 0.5 Electrically heated Al 
jacket; 220 - 240 °C 
Air cylinder 
operated 
2.2 10 - 23 10 - 30 Air; ambient Metallic plate 20 - 180 [118] 
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plunger; order 
of 1 m/min 
(spin rate) 
Isotactic, Moplen HP 
561 
MFI 44 cm3/10 
min at 230 °C, 
zero-shear 
viscosity 23 Pa s 
Glass syringe/heat 
gun; 320 °C 
Syringe 
pump; 0.05 
mL/h 
0.58 20 (Spinneret -
ve) 
40 - SEM stub 8.6 [121] 
Isotactic, Novolen Mw 210 000 
g/mol, MFI 15 
cm3/10 min at 230 
°C, zero-shear 
viscosity 75 Pa s 
Glass syringe/heat 
gun; 270 °C 
Syringe 
pump; 0.05 
mL/h 
0.58 20 (Spinneret -
ve) 
40 - SEM stub 36 [121] 
Isotactic, Novolen, 
Irgatec additive (1.5 
wt%) 
zero-shear 
viscosity 33 Pa s 
Glass syringe/heat 
gun; 270 °C 
Syringe 
pump; 0.05 
mL/h 
0.58 20 (Spinneret -
ve) 
40 - SEM stub 0.84 [121] 
Isotactic (i-PP), SAN 
additive (0.5, 1.0, 2.0, 
5.0 wt%) 
i-PP Mw 7 000 – 8 
000, MFI 1500 
g/10 min at 230 
°C, Shanghai 
Yishitong New 
Materials 
Development; 23 
wt% acrylonitrile 
in styrene (SAN) 
MFI 2.2 g/10 min  
Electrical heater ring; 
210 - 220 °C 
 
 
45 Steel 
piston/cylinde
r; polymer 
drawn by HV 
0.2 - 0.7 60 (Collector 
+ve) 
140 - Flat wire mesh 5 - 10 [224] 
Isotactic (i- i-PP Mw 12 000, Band heater around Motor 1 12 (Collector 20 - - 5 - 60 [213] 
 117 
 
PP) and atactic (a-PP) 
mixed, blend ratios of 
i- 
PP/a-PP, 100/0,75/25, 
50/50, 25/75, 0/100, 
Sigma Aldrich  
a-PP Mw 19 600; 
zero-shear 
viscosity 
at 180 °C 0.8, 1.0, 
1.3, 2.0, 2.5 Pa s  
 
stainless syringe; 180  
°C 
controlled 
extrusion; - 
+ve) 
Isotactic (i- 
PP) and atactic (a-PP) 
mixed, blend ratios of 
i- 
PP/a-PP, 100/0,75/25, 
50/50, 25/75, 0/100, 
Sigma Aldrich  
i-PP Mw 205 000, 
a-PP Mw 19 600; 
zero-shear 
viscosity 
at 200 °C 1200, 
580, 140, 50, 1.6 
Pa s  
 
Band heater around 
stainless syringe; 200  
°C 
Motor 
controlled 
extrusion; - 
1 12 (Collector 
+ve) 
20 - - 5 - 55 [213] 
Atactic, Sigma 
Aldrich 
Mw 19 600 Extruder; 200 °C - 1.5 1 – 1.5 / mm 
(Collector 
+ve) 
20 - Cu plate 21 [122] 
Atactic, Sigma 
Aldrich 
Mw 14 000 Extruder; 200 °C - 1.5 1 – 1.5 / mm 
(Collector 
+ve) 
20 - Cu plate 13 [122] 
Aldrich Mw 190 000,MFI 
35 g/10min at 200 
οC 
Radiant heater; 250 – 
300 °C 
Cu cup; 
gravity feed 
1.5 hole in 
cup  
0.1 – 3 kV/ 
mm (Collector 
+ve, spinneret 
-ve) 
20 - 150 Vacuum Al plate 0.3 - 30 [173] 
Clacor Mw 129 000 Syringe in shielded 
heating; 240 °C 
Syringe 
pump; 0.001 
0.16 28 (Collector -
ve); 5 (needle 
50 Air; RT – 180 
°C 
Al plate 40, 120 
°C 
2.4 - 8.5 [229] 
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(reservoir), 180 °C or 
RT (nozzle) 
mL/min –ve) 
Monofilament - CO2 laser; 5 W 190 μm fibre 
feed;  0.04 
m/min 
0.19 
(filament) 
20 50 - Cu plate 38 [196] 
PP6315, PP6312, 
PP6310, Shanghai 
Expert in the 
Developing of New 
Material Co. 
MFR 1500 
(PP6315), 1200 
(PP6312), 1000 
(PP6310) g/10min 
Top electrical heating 
ring; 230 °C. Bottom 
heating ring; 210 - 
250 °C 
Stepper motor 
driven piston; 
- 
Spray head 40 - 60 95 - 165 - Flat wire mesh 4.47 – 41.72 [197] 
PP6315, Shanghai Yi 
Shi Tong New 
Material 
Development Co. 
MFR 1500 g/10 
min 
SS cylinder 
electrically heated (2 
regions); 200-300 °C 
Piston; - - 10 - 21 50 - 180 - - - [187] 
Sodium oleate (SO) 
and sodium chloride 
(NaCl) additives (4 - 
12 wt%), Expert 
Company, British 
Drug House, Merck 
KGaA 
Mw 55 509, MFI 
2000 at 200 °C  
(PP), Mw 304.44 
(SO), 58.44 
(NaCl) g/mol 
Metal barrel 
electrically heated; 
200 °C 
Syringe 
pump; 0.0013 
mL/min 
0.2 circular 
protruding 
(die) 
48 (Collector -
ve) 
120 - 150 - Al foil 0.31 - 4 [190] 
Synthesized, SO 
(British Drug House), 
PEG-300 (Ega 
Chemie) and PDMS 
(United Chemical 
MFI 1000 at 230 
°C (PP) 
Metal barrel 
electrically heated; 
200 °C 
Syringe 
pump; 0.0013 
mL/min 
0.2 – 0.3 
circular, 
circular 
protruding, 
trilobal 
48 (Collector -
ve) 
120 - 150 - Al foil 0.88 – 5.25 [179] 
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Technologies Inc.) 
additives (4 – 12 
wt%)  
(die) 
           
Blend with Na-
stearate 
Mw 190 000 g/mol  
 
Piston or extruder; 
230 °C 
64 nozzle 
spinneret; 0.2 
mL/h per 
nozzle  
 
- - - - - 0.552 [220] 
- - Oil circulating jacket 
in heater shroud; - 
Syringe 
pump; - 
- - - Air; RT – 100 
°C 
Rotating collector 10 - 30 [226] 
Moplen HP 456J, 
Moplen HP 462R, 
Borflow HL 
504FB, Basell Orlen 
Polyolefins 
MFR 1.7 – 15 at 
170 – 300 οC  
(Moplen HP 
456J), 3 –50 at 
170 – 300 οC  
(Moplen HP 
462R), 43.8 – 450 
g/10 min at 170 – 
230 οC (Borflow 
HL 
504FB)  
Extruder; 270 – 300 
°C (spinneret) 
Screw turn; 
0.1 – 2 rpm 
0.5 (three 
nozzles) 
15 – 45 
(Collector 
+ve) 
80 - 300 - Rotating mandrel 
11 rpm, 30 mm/s 
oscillation, 5 mm 
diameter  
4.8 - 37 [185] 
Moplen HP 456J, 
Basell 
MFI 3.4 g/min at 
230 °C 
Extruder; 300 °C 
(spinneret) 
Screw turn; 2 
rpm 
0.5 (three 
nozzles) 
25 – 35 
(Collector 
+ve) 
100 - 200 - Metallic collector 11.05 – 
23.17 
[206] 
Metocene MF650X, MFR 1200,  1800 Cartridge heater; 320 Rotating Al Disc 32 mm 50 – 65 110 - 160 Argon Metallic collector, 1.73 - 3.31 [223] 
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MF650Y Equistar 
Chemicals 
g/10 min - 360 °C disc  partially 
immersed into 
a polymer 
melt bath 
underneath; - 
(Collector 
+ve) 
inverted above 
rotating disc 
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Table 2.4. List of melt electrospun polymers including material properties, instrument configurations/parameters and conditions, as well as resulting fibre diameter. 
Polymer Description Viscosity Related 
Property 
Heating 
Method; 
Temp. 
Feed Method; 
Rate 
Spinneret 
Diameter 
[mm] 
Voltagea 
[kV] 
Collector 
Distance 
[mm] 
Spin 
Zone 
Gas; 
Temp.
, 
Hum.b 
Collectorc Fibre 
Diameter 
[μm] 
Ref 
PCL Sigma Aldrich Mn 80 000 g/mol Glass water 
jacket, 
plastic 
syringe; 90 
°C 
Syringe pump; 5 
– 20 μL/h 
0.51 4 - 12 20 – 60 - Microscope 
slides 
5 - 33 [221] 
- - - - - - - - - - [203] 
 Perstorp Mn 83 kDa Glass water 
jacket, 
plastic 
syringe; 78 
°C 
Syringe pump; 
10 μL/h 
0.337 10 30 - Al plate, 
computer-
controlled xy 
stage 
7.5 [208] 
 Perstorp Mw 50 kDa Glass water 
jacket, 
plastic 
syringe; 70 - 
90 °C 
Syringe pump; 5 
-50 μL/h 
0.337, 
0.514 
12 30 - Al plate, 
computer-
controlled xy 
stage 
2 - 45 [230] 
 Sigma-Aldrich Mw 80 kDa Glass water 
jacket, 
Syringe pump; 5 
μL/h 
0.337 12 30 - Al plate, 
computer-
20 [230] 
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plastic 
syringe; 70 
°C 
controlled xy 
stage 
 Shenzhen BrightChina 
Industrial Co., Ltd 
Mw 79 000 g/ 
mol 
3 x CO2 
laser; 4 - 
14 mA 
Rod fed; 5 
mm/min 
0.3 (rod) 5 - 25 120 - 200 - Metal plate 3 - 12 [199] 
 Sigma-Aldrich Mn 45 000 g/mol Heating tape; 
80 °C 
Pneumatic 
syringe; 1.2 – 5.6 
psi 
0.1524, 
0.051 
825 – 1050 
(x 10-3) 
170 (x 10-
3) 
- Glass slide on Al 
coated silicon 
wafer, XYZ 
precision stage 
on optical table; 
0.8 – 2.4 mm/s 
7 - 22 [178] 
 Perstorp, UK Ltd Mw 50 kDa Glass water 
jacket, 
plastic 
syringe; 78 
°C 
Syringe pump; 
50 μL/h 
0.514 12 40 - 6 mm rotating 
brass tube (0.306 
– 0.919 
rot/translation), 
lateral translating 
linear slide (2021 
– 6062 mm/min) 
20 - 60 [231] 
 Sigma-Aldrich Mn  45 000; zero 
shear rate 
viscosity 291.5 Pa s 
at 80 °C 
Heating 
band, custom 
melting 
chamber; 80 
– 120  °C 
Syringe pump; 2 
mL/h 
0.15 – 1.7 10, 15, 20 50 - 100 - Al foil, xy stage 
8.5 mm/s 
12 - 220 [177] 
 Perstorp Mn 83 kDa Glass water 
jacket, 
Syringe pump; 
10 μL/h 
0.337 6 30 - Al plate, 
computer-
16.2 [232] 
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plastic 
syringe; 70 
°C 
controlled xy 
stage 
 Perstorp Mw 50 000 g/mol, 
MFI 13.9 g/10 min 
at 80 °C 
Extruder; 
160 °C 
Screw turn; 0.36 
– 6.61 rpm 
0.34 15 - 25 
(Collector 
+ve) 
100 Air; 
35 °C, 
22% 
Cu plate on xy 
stage, 500 
mm/min 
37 - 213 [183] 
Star PCL Three-arm branched 
sPCL64, Michigan 
Biotechnology 
Institute 
Mw 64 000 g/mol, 
MFI 240 g/10 min at 
80 °C 
Extruder; 
125 - 160 °C 
Screw turn; 7.3 - 
29 rpm 
0.34 15 - 25 
(Collector 
+ve) 
100 Air; 
35 °C, 
22% 
Cu plate on xy 
stage, 500 
mm/min 
37 - 150 [183] 
 Three-arm branched 
sPCL189, Michigan 
Biotechnology 
Institute 
Mw 189 000 g/mol, 
MFI 33.9 g/10 min 
at 80 °C 
Extruder; 80 
- 160 °C 
Screw turn; 7.3 - 
29 rpm 
0.34 15 - 25 
(Collector 
+ve) 
100 Air; 
35 °C, 
22% 
Cu plate on xy 
stage, 500 
mm/min 
33 − 224 [183] 
 Three-arm-branched 
star PCL, Michigan 
Biotechnology 
Institute 
Mw 189 000 g/mol Extruder; 
160 °C 
Screw turn; 3.7 
mL/h 
0.34 25 
(Collector 
+ve) 
100 Air; 
35 °C, 
22% 
Cu plate on xy 
stage, 500 
mm/min 
40 [200] 
PCL/PEG-
block- 
PCL  
 
80 % PCL + 20% 
PEG5000-b-PCL5000; 
Aldrich (PCL), 
synthesized (PEG5000-
b-PCL5000) 
Mn  80 000 (PCL), 5 
000 (PEG-b-PCL) 
g/mol; Mw 65 960 
Glass water 
jacket, 
plastic 
syringe; 90 
°C 
Syringe pump; 5 
– 50 μL/h 
0.51 12 90 - - 1.8 [221] 
  
 
90% PCL + 10% 
PEG5000-b-PCL5000; 
Aldrich (PCL), 
Mn  80 000 (PCL), 5 
000 (PEG-b-PCL) 
g/mol; Mw 72 980 
Glass water 
jacket, 
plastic 
Syringe pump; 5 
– 50 μL/h 
0.51 8 90 - - 2.7 [221] 
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synthesized (PEG5000-
b-PCL5000) 
syringe; 90 
°C 
 30% PCL + 70% 
PEG47-b-PCL95; 
Aldrich (PCL), 
synthesized (PEG47-b-
PCL95) 
Mn  67 000 (PCL), 
10 500 (PEG47-b-
PCL95) g/mol; zero 
shear viscosity 49 Pa 
s 
Glass water 
jacket, 
plastic 
syringe; 90 
°C 
Syringe pump; 
0.02 - 0.3 mL/h 
0.58 20 
(spinneret 
–ve) 
100 - Al foil, SEM stub 
rotating at 
2500 rpm, 
microscope slides 
held by hand, 
Stainless steel 
tweezers 
as dual 
collectors 
0.27 – 2 [121] 
 20% PCL + 80% 
PEG47-b-PCL120; 
Aldrich (PCL), 
synthesized (PEG47-b-
PCL120) 
Mn  67 000 (PCL), 
12 800 (PEG-b-
PCL) g/mol; shear 
viscosity 33 Pa s 
Glass water 
jacket, 
plastic 
syringe; 85 
°C 
Syringe pump; 
0.03 - 0.3 mL/h 
0.3, 0.58, 
1.19 
25 
(spinneret 
–ve) 
50 - 300 - Al foil 1.5 - 1.7 [18] 
 25% PCL + 75% 
PEG47-b-PCL95; 
Aldrich (PCL), 
synthesized (PEG47-b-
PCL95) 
Mn  67 000 (PCL), 
10 500 (PEG47-b-
PCL95) g/mol 
Glass water 
jacket, 
plastic 
syringe; 75 
°C 
Syringe pump; 5 
– 50 μL/h 
0.33 10 - 23 10 - 100 - Untreated or 
starPEG 
modified glass 
microscope slides 
on manual 
translating stage 
0.7 – 1.2 [126] 
PEG-block-
PCL 
PEG119-b-PCL189, 
PEG119-b-PCL243; 
synthesized 
Mn 22 000 (PEG119-
b-PCL189), 26 900 
(PEG119-b-PCL243) 
g/mol; shear 
Glass water 
jacket, 
plastic 
syringe; 60 - 
Syringe pump; 
0.05 – 0.1 mL/h 
1.2 20 300 - Al foil 0.2 – 60 [218] 
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viscosity 28.1, 39.4 
Pa s 
90 °C 
PLA Cargill Dow  Mw 186 000; zero-
shear viscosity 120 
Pa s at 240 °C 
Syringe in 
shielded 
heating; 200 
°C 
(reservoir), 
185 – 255 °C 
(nozzle) 
Syringe pump; 
0.005 - 0.01 
mL/min 
0.16 – 0.84 5 - 30 100 Air; 
25 – 
80 °C 
Cu plate air-
cooled 25 °C 
0.8 - 17 [92] 
 Cargill Dow Mw 186 000  Syringe in 
shielded 
heating; 200 
°C 
(reservoir), 
175 – 255 °C 
(nozzle) 
Syringe pump; 
0.001 - 0.01 
mL/min 
- 5 - 25 100 Air; 
25 – 
80 °C 
Cu plate air-
cooled 25 °C 
10 - 28 [227] 
 Cargill Dow Mw 186 000 Syringe in 
shielded 
heating; 200 
°C 
(reservoir), 
210 °C 
(spinneret), 
210 °C (air 
at spinneret) 
Syringe pump, 
pressurized air 
surrounding jet at 
nozzle (GAME); 
1.67 x 10-10 m3/s 
(PLA), 300 m/s 
(air) 
4.13 x 10-4 
m 
(spinneret), 
1.194 x 10-
3 m (air 
nozzle) 
20 
(Collector 
+ve) 
90 Air; 
27 °C 
Cu plate air-
cooled 25 °C 
0.18 - 3.5 [124] 
 Cargill Dow MFI 22.3 g/min at 3 x CO2 Rod fed; 2 – 4 0.5 (rod) 16 - 41 20 - Rotating 0.7 - 3.3 [202] 
 126 
 
210 °C laser; 4 - 20 
W. N2 
gas blown 
onto melt 
zone 
mm/s collector 
tangential 
velocity 1 m/s 
 Cargill Dow MFI 76.9 g/min at 
210 °C 
3 x CO2 
laser; 5 - 17 
W. N2 
gas blown 
onto melt 
zone 
Rod fed; 2 – 4 
mm/s 
0.5 (rod) 16 - 41 20 - Rotating 
collector 
tangential 
velocity 1 m/s 
0.7 - 4 [202] 
 Cargill Dow Mw 186 000; zero-
shear rate viscosity 
1320 Pa s at 180 °C 
Syringe in 
shielded 
heating; 200 
°C 
(reservoir), 
215 - 255 °C 
(spinneret) 
Syringe pump; 
0.02 - 0.06 
mL/min 
0.42 – 0.52 5 - 25 100 Air; 
20 – 
80 °C 
Cu plate air-
cooled 20 - 25 °C 
10 – 25 [125] 
 Amorphous PLA  
4060D, 
semicrystalline PLA 
6201D, Nature Works 
LLC 
MFR 4.8 – 233  
(6201D), 4.7 – 41.7 
(4060D) g/10 min at 
170 – 230 οC   
Extruder; 
170 – 200 °C 
(spinneret) 
Screw turn; 0.1 – 
2 rpm 
0.5 (three 
nozzles) 
15 – 40 
(Collector 
+ve) 
100 - 300 - Rotating mandrel 
11 rpm, 30 mm/s 
oscillation, 5 mm 
diameter  
3 - 20 [185] 
 PLA 
4060D, NatureWorks 
MFI 15 g/min at 230 
°C 
Extruder; 
170 °C 
(spinneret) 
Screw turn; 2 
rpm 
0.5 (three 
nozzles) 
25 – 35 
(Collector 
+ve) 
100 - 200 - Metallic collector 3.11 – 
8.41 
[206] 
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PLA + 
antioxidants 
2002D L-PLA (Nature 
Works LLC) + 
antioxidants 1010 and 
168 (Beijing Additive 
Institute) 
 Heating ring; 
200 –250 °C 
Steel cylinder 
and piston; - 
Cone-type 
spray head 
30 – 100 
(Collector 
+ve) 
100 - 230 - Al plate 7.65 [194] 
 PLA + 0.1, 0.3, 0.5 
wt% antioxidant; 
Ningbo Materials 
Science and 
Engineering Company 
(PLA), tris(2,4-di-tert-
butylphenyl)phosphate 
(antioxidant 168), 
Tetrakis[methylene(3,
5-di-tert-butyl-4-
hydroxyhydrocinnama
te)] 
methane (antioxidant 
1010), Beijing 
Additive Institute   
 
Mn 7058 - 61 208 
g/mol (PLA); MFR 
2 – 7.5 at 180 – 220 
°C 
Top: 
electrical 
heating ring; 
170 °C. 
Bottom: 
heating ring; 
200 – 220 °C 
Piston driven 
cylinder; - 
Cone-type  
spray head 
55.6 120 - 160 - Al plate - [180] 
PLA & 
EVOH 
Pie wedge fibres, 
EVOH/PLA volume 
ratios 3/7, 5/5, 7/3 
MFI 45 (PLA), 45 
(EVOH) g/10 min at 
230 °C 
CO2 laser; 6 
- 21 W 
 
Fibre bundle fed; 
7 mm/min 
0.04 (300 
fibres 
twisted 
together 
and soaked 
20 - 45 60 - 180 - Cu plate 0.4 – 1.5 [184] 
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in water at 
80 °C) 
Star-PDLLA Four arm 
star-shaped PDLLA  
synthesized, 
functionalised with 
Adenine/thymine end 
groups (PDLLA-
A,PDLLA-T), 
PDLLA-(A-T) blend  
Mn 45 600 g/mol Glass pipette 
wrapped in 
heating 
band; 180 °C 
Gravity feed unknown 30 
(Collector 
+ve) 
60 - Al foil 3.6 
(PDLLA), 
4 
(PDLLA-
A), 4.4 
(PDLLA-
T), 9.8 
PDLLA-
(A-T) 
[212] 
PLGA PLGA 50/50, PURAC 
Co. 
Mw 47 000 Stainless 
steel oil 
jacket, glass 
syringe; 210 
°C 
Syringe pump; 
1.4 - 5.4 mL/h 
0.84 17.5 
(Collector 
+ve) 
80 - Rotating drum 14.6 - 28 [62] 
 PLGA 50/50, PURAC 
Co. 
Mw 47 000 Stainless 
steel oil 
jacket, glass 
syringe; 180 
- 210 °C 
Syringe pump; 2 
- 5 mL/h 
0.838 – 
0.191 
15 – 22.5 
(Collector 
+ve) 
50 - 90 Air; 
ambie
nt 
Rotating drum 5.6 - 36 [195] 
P(LLA-CL) Monofilament - CO2 laser; 7 
– 20 W 
193 μm fibre 
feed;  0.02 - 0.04 
m/min 
0.193 
(filament) 
20 50 - Cu plate 1 - 2 [196] 
PLLA & 
P(EVOH) 
PLLA dip coated in 
EVOH 1:0, 2:1, 1:2 
Mn 96 080, MFI 
76.9 at 210 °C 
3 x CO2 
laser; 8 - 14 
Rod fed; 10 
mm/min 
0.42 – 0.8 
(rod) 
20 - 37 
 
50 - 80 Air; 
25 – 
Translating 
collector 
0. 845 - 6 [188] 
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(PLLA:EVOH); 
Cargill Dow (PLLA),  
Kuraray Co. (EVOH) 
(PLLA); 32 mol% 
Ethylene, MFI 1.6 at 
190 °C (EVOH) 
W 
 
80 °C 
PLLA + nHA 
particles 
PLLA + 1, 3, 5, 7, 9 
wt% nHA; Nature 
Works LLC (PLLA), 
Aladdin Chemistry 
Co., Ltd (nHA)  
Mw 60 kDa (PLLA) 3 x CO2 
laser; 20 mA 
Rod fed; 5 
mm/min 
0.5 (rod) 15 140 - Cu plate 4.5 - 7.1 [207] 
PI - Mw 5000 g/mol -; 300 – 350 
°C 
Film - 60 60 Vacuu
m 
- - [203] 
1,3,5-
cyclohexane- 
Derivative of 
cyclohexane-cis,cis-
1,3,5- 
tricarboxylic acid 
Columnar nematic 
phase (254 – 317 
°C) 
-; 300 °C -; 200 μL/h 0.6 40 
(spinneret 
–ve) 
60 - - - [182] 
1,3,5-
cyclohexane- 
Derivative of 
cyclohexane-cis,cis-
1,3,5- 
tricarboxylic acid 
Optical isotropic 
melt (317 – 382 °C) 
-; 330 °C -; 200 μL/h 0.6 40 
(spinneret 
–ve) 
60 - - 1.3 [182] 
1,3,5-
benzenetrisa
mide 
Based on trimesic acid 
with n-hexyl 
substituents 
Optical isotropic 
melt (218 – 390 °C) 
-; 250 °C -; 200 μL/h 0.6 30 
(spinneret 
–ve) 
60 - - 0.9 [182] 
1,3,5-
benzenetrisa
mide 
Based on 1,3,5-
triaminobenzene 
Optical isotropic 
melt (183 – 379 °C) 
-; 200 °C -; 200 μL/h 0.6 30 
(spinneret 
–ve) 
40 - 45 - - 2.2 [182] 
B2O3 - Viscosity 15 - 26 Pa 
s at 850 °C 
Resistance 
heating; 850 
Gravity feed 0.025 (gold 
wire 
250 – 500 
(x 10-3) 
~ 10 (x 
10-3) 
- Silicon wafer 
with 300 nm 
0.025 – 
0.25 
[186] 
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°C dipped into 
reservoir) 
layer of 
silicon dioxide 
on surface 
Octadecane + 
TiO2-PVP 
(co-axial) 
45 wt% octadecane 
(ACROS Organics) in 
PVP/titanium 
tetraisopropoxide 
solution, Aldrich 
Viscosity 1.75 cP at 
70 °C, 3.8 cP at 
30 °C (octadecane) 
Heating tape; 
68 °C 
(Octadecane) 
 
2 x syringe 
pump; 0.2 
(Octadecane), 0.7 
(TiO2-PVP) 
mL/h 
0.1 
polyimide-
coated 
silica 
capillary 
inside 
metallic 
needle; 
TiO2-PVP 
in outer 
syringe, 
Octadecane 
in inner 
syringe 
- - - Si wafers, 
carbon-coated Cu 
grids, Al foil 
0.2 [201] 
Hexadecane + 
TiO2-PVP 
(co-axial) 
31 wt% hexadecane - - - “ - - - Si wafers, 
carbon-coated Cu 
grids, Al foil 
0.1 [201] 
Eicosane + 
TiO2-PVP 
(co-axial) 
36 wt% eicosane - - - “ - - - Si wafers, 
carbon-coated Cu 
grids, Al foil 
0.2 [201] 
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3.1 ABSTRACT 
Melt electrospinning is a fibre forming process which can produce porous 
materials for applications where solvent toxicity and accumulation in solution 
electrospinning is problematic. This study explores the melt electrospinning of 
poly(ε-caprolactone) (PCL) scaffolds, specifically for applications in tissue 
engineering (TE). The work described here aims to inform researchers interested in 
melt electrospinning about technical aspects of the process. This includes rapid fibre 
characterisation using glass microscope slides as stationary collectors, which allows 
influential processing parameters on fibre morphology to be assessed, as well as 
observed fibre collection phenomena on different collector substrates. Control over 
the distribution and alignment of melt electrospun PCL fibres can be improved to a 
certain degree by using electroconductive collectors with patterned voids, compared 
to flat stationary surfaces which produce nonwoven fibres. Such an approach is 
demonstrated to create large numbers of scaffolds with shaped macroporous 
architectures. However, the buildup of residual charge in the collected fibres limits 
the achievable thickness of the porous template through such scaffolds. The ability to 
control charge build up so that fibres can be placed accurately in close proximity, and 
to many centimetre heights is one challenge identified for melt electrospinning 
writing (MEW), a new technique described here. The scale and size of scaffolds 
produced using MEW, however, indicates that this emerging process will fill a 
technological niche in biofabrication. 
3.2 KEYWORDS 
Electrospinning; fibres; tissue engineering; 3D printing; additive 
manufacturing; electrohydrodynamic writing; regenerative medicine 
3.3 INTRODUCTION 
One key area of tissue engineering (TE) research is the fabrication of scaffolds 
to provide a three-dimensional (3D) support for cell migration, proliferation and 
differentiation [385]. In addition to being made from compatible materials with 
surface properties optimised for cell interactions, scaffolds require an interconnecting 
pore network to be cell-invasive. Ideally, the fabrication process should allow the 
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scaffold design to be altered systematically so that an optimum scaffold architecture 
for each cell/tissue type can be established. There are numerous routes to scaffold 
fabrication, each with advantages and disadvantages in their processing and cellular 
response [386]. 
Melt electrospinning has recently emerged as a direct writing approach to the 
production of orderly porous structures for application in TE [127, 387]. However, 
the ability to construct a machine which produces a high quality melt electrospun 
scaffold is more complex than for solution electrospinning, which comprises over 
99.5% of the total electrospinning literature [388]. While the number of melt 
electrospinning publications is increasing, a lack of established research is part of the 
challenge with applying this technique to biofabrication. The low number of 
publications is due not only to the complexity of building a melt electrospinning 
machine for the laboratory, but also due to the micron-diameter fibres often attained: 
electrospinning is a field that has been focused towards nanotechnology [389, 390]. 
Although melt electrospinning produces fibres from as low as 270 nm [391] to as 
large as 350 µm [183] in diameter, our experience finds that 5 to 25 µm is a more 
typical range. However, recent interest in TE scaffold fabrication using additive 
manufacturing (AM) approaches based on melt extrusion direct writing has added 
impetus to developing melt electrospinning as a direct writing process. 
One key requirement in scaffold-based TE is a suitable scaffold pore size 
which promotes cell invasion and, in many instances, vascularisation [50]. In the 
field of solution electrospinning, submicron diameter fibres provide high specific 
areas for cell attachment [392, 393]. However, fibres collected onto a flat stationary 
substrate deposit randomly to create a tightly packed nonwoven mesh with pore sizes 
too small for cell penetration [394, 395]. Therefore, collector modifications are 
required in order to generate scaffolds with pore sizes large enough to promote cell 
infiltration in to the scaffold [2, 39, 78, 215, 385], where the charged fibres make it 
challenging to control fibre placement to create ordered structures and limit the 
achievable thickness. The accumulation and removal of toxic solvents presents 
further challenges, particularly for medical purposes [396, 397]. 
Despite allowing polymers to be processed as received without the need for 
toxic solvents, 3D printing for TE based on melt extrusion direct writing faces 
different challenges to electrospinning: where the current gold standards can only 
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achieve filament diameters several orders of magnitude larger than electrospinning 
[127, 387]. On the other hand, direct melt writing techniques offer precise control 
over filament placement to create 3D structures with highly ordered pores, 
sufficiently large (above 100 µm) to encourage both cell infiltration and 
vascularisation [50]. Melt electrospinning is similar to melt extrusion in many ways, 
also avoiding the use of toxic solvents in solution electrospinning. Whereas in melt 
extrusion the filament resolution is limited by the nozzle size through which polymer 
can be extruded, the addition of high voltage (HV) to the nozzle in melt 
electrospinning causes the polymer to become charged and deform into an 
electrostatically drawn jet which reduces the filament diameter to magnitudes 
approaching solution electrospinning [388]. 
Collector modifications have recently been demonstrated to produce TE 
scaffolds with pore sizes sufficient for cell penetration [398-400], though the added 
requirement to provide pores above 100 µm for vascularisation highlights the need 
for improvement over the control of melt electrospun fibre deposition. Compared to 
the unstable solution electrospinning jet, the melt electrospinning jet is relatively 
focused [391, 401], making it appear more suitable to be adopted as a direct writing 
approach. Combining melt electrospinning with a translating collector to direct-write 
3D structures was only recently reported [387, 402], and is promising for the creation 
of ordered structures, with a total of eight papers from six different laboratories 
developing this approach published in the past three years [127, 178, 183, 200, 387, 
398, 403, 404]. However, viscoelastic melt electrospun fibres will coil under 
compression as they deposit and solidify onto a collector that is moving slower than 
the melt flow in the electrified molten jet [387]. 
This article aims to report observed phenomenological aspects of melt 
electrospun fibre deposition, including coiling of the melt jet and disturbing charge 
interactions. A variety of collection configurations are investigated, towards 
improving the ability to accurately place fibres. Dynamic collection methods such as 
melt electrospinning writing (MEW) are explored as a 3D printing approach to 
fabricate cell invasive scaffolds with interconnected pores large enough to be suitable 
for vascularisation. 
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3.4 MATERIALS AND METHODS 
3.4.1 Materials  
All scaffolds were produced with a biodegradable polymer, poly(ε-
caprolactone) (PCL), which has increasing utility within TE [405]. Two sources of 
PCL were melt electrospun in this paper: CAPA 6500C (Perstop Chemicals, UK); 
and one purchased from Sigma (Australia) (80 0000 g mol
-1
). Table 3.1 presents the 
type of PCL used in each experiment. In each experiment PCL was used as received 
– prior to electrospinning, the pellets were placed directly into a 3 mL plastic syringe 
(B-Braun, Australia), capped with a female Luer-Lok block and heated to 90 °C with 
the syringe held upright. Once the PCL was molten, the cap was removed and the 
plunger was drawn back and forth in the syringe to purge air bubbles from the 
polymer melt. A blunt Luer-Lok needle (21G/23G, B-Braun, Australia) was then 
attached to the syringe.  
3.4.2 Melt Electrospinning Device 
A melt electrospinning apparatus was developed, consisting of: a Perspex 
enclosure; a thermoregulated water bath recirculating heated water through a glass 
jacket into which a plastic Luer-lock syringe containing the PCL was placed; a 
programmable syringe pump connected to the syringe plunger to feed the molten 
polymer at a desired flow rate through a blunt needle; and a HV supply, which was 
connected to the needle, to create an electric field across an air gap to a grounded 
collector.   
Various collector substrates were used, including a stationary patterned 
electroconductive collector, an array of patterned hemispherical collectors; and 
smooth collector surfaces. As shown in Figure 3.1, only the flat aluminium (Al) or 
Superfrost® yellow glass microscope slides (Lomb Scientific, Australia) were 
assessed as collector substrates for use in a direct writing method. A translating x-y 
stage from Velmex Inc. (USA) was assembled with a motor/driver kit supplied by 
Ocean Controls (Australia), and various collector substrates were placed on an 
electrically grounded moving platform to automate the fibre collection process. The 
x-y stage was placed below the spinneret and computer programs written in G-Code 
were used to control the movement of the x-y stage. 
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Figure 3.1. Schematics of A) electrospinning subject to bending instabilities (often called whipping); 
B) melt electrospinning with diminished whipping, where the deposition of coiled fibres becomes 
focused on a translating collector; C) no whipping in the melt electrospinning jet. On a slow moving 
collector fibres are coiled, though focused; D) linear fibres result from increasing the collector speed 
to the critical translation speed; and various static fibre collection methods such as E) a stationary 
patterned electroconductive collector; F) array of patterned hemispherical collectors; and G) smooth 
collector surface either Al or glass).  
This study presents a diverse set of experiments, and as such the instrument 
parameters used in each experiment are described in Table 3.1. In general, the 
instrument parameters included: an applied voltage of 9-10 kV; collection distance 
10-30 mm; flow rate 10-20 µL h
-1
; and a melting temperature of 80-90 °C. For all 
experiments, the melt electrospinning jet was allowed to stabilise for at least 2 min 
before collection commenced. 
3.4.3 Melt Electrospinning onto Patterned Electroconductive Collectors 
Stainless steel shaving blades were used as flat collectors, with either circular 
or diamond shaped voids arranged in repeating patterns, to investigate the ability to 
create porous structures using a template approach. The diameter of each circular 
void was approximately 500 µm, while the long axis of the diamond-shaped voids 
was also approximately 500 µm. In each case, the voids in the collectors were spaced 
a minimum distance of approximately 150 µm. These collectors were placed on the 
grounded collector platform so that they too became grounded. 
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Table 3.1. Summary of the instrument parameters for the different experiments performed. 
Configuration 
Polymer 
 
Temperature 
[°C] 
Voltage 
[kV] 
Flow 
Rate 
[µL h
-1
] 
 
Collector 
Distance 
[mm] 
Spinneret  
Diameter 
[Gauge] 
Figure 
 
Flat Collector Sigma 90 4, 6, 8, 
10, 12 
5, 10, 
20 
20, 30, 40, 
60 
21 3.2 
Patterned 
Collector 
Sigma 90 10 50 40 21 3.3 
Convex 
Patterned 
Collector 
Sigma 90 8 10 70 21 3.4 
Microscope 
Slides - Spots 
Sigma 90 12 5 20, 50 21 3.5-3.7 
MEW  CAPA 
6500C 
80 12 10, 20 20 23 3.8 
MEW - 
Stacking 
Sigma 80 13 20 20 21 3.9 
MEW - 
Placement 
Sigma 80 14 5-20 20 21 3.10 
To upscale and automate this collection process, readily available tap filters 
(with a similar 400 μm x 400 μm square void template architecture) were placed in a 
4 x 5 array onto the grounded moving collector. A computer program was written so 
that the first tap filter collector was located centrally under the spinneret. The 
program paused so that the melt electrospinning jet deposited for 20 min onto the tap 
filter, and then translated the grounded platform so that the second tap filter was 
located directly under the spinneret. The collection period of 20 min was repeated 
and the sequence continued until fibres were collected for 20 min on all 20 of the 
filters. 
3.4.4 Electrospinning onto Microscope Slides 
Glass microscope slides were placed directly on top of the electrically 
grounded moving platform to assess their feasibility as a fibre collection substrate 
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compared to metallic surfaces. The microscope slides were also wrapped in Al foil 
and placed on the same grounded surface to act as a control. Fibres were collected 
for varying time periods to assess if the material differences caused variations in 
fibre collection over time. A computer program was written to control the movement 
of the grounded platform and hence automate this process. 
The collector translated 5 mm in the positive x-direction before pausing for a 
defined period. Following this pause, the collector would again translate 5 mm in the 
same direction before pausing for an increased time period. This sequence was 
repeated, where the dwell times were increased according to the following series: 1 s; 
2 s; 5 s; 10 s; 20 s; 50 s; and 100 s. Following the 100 s pause period, the stage 
translated 5 mm perpendicular to the initial direction of movement (positive y-
direction) and then dwelled for a period of 100 s. The collector then translated in the 
negative x-direction, repeating the pause sequence, this time in reverse order 
(decreasing  increments in dwell time) towards the starting point (x = 0). Following 
another 5 mm positive y-direction translation (y  = 10 mm), the process was repeated 
so that four samples for each collection time were located on the same microscope 
slide (28 samples per slide). The fibre diameter and average deposition area, along 
with the standard deviation, for each collection interval was measured on multiple 
slides (n = 8). 
3.4.5 Melt Electrospinning Writing 
A program was written to translate the collector platform following a square 
wave pattern. The translation speed was incrementally increased for each line to 
assess the effects on fibre deposition. Fibre diameters were measured for each 
translation speed using optical microscopy (OM) as described below. To assess the 
ability to stack fibres and create 3D structures using MEW, a second program 
continuously traced a square wave pattern, where upon completion of each circuit the 
pattern was rotated 90°. Box-like structures were generated with each fibrous layer 
orientated at 90° to the previous layer. A turning compensation component was 
incorporated into the program so that rapid changes of direction did not affect the 
fibre stacking experiment. A third program incrementally varied the distance 
between parallel lines in the square wave to assess fibre placement accuracy. 
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3.4.6 Optical Microscopy (OM) and Scanning Electron Microscopy (SEM) 
Characterisation 
When imaging using OM, scaffolds on microscope slides were visualised using 
an Imager A1 Axio optical microscope, equipped with a digital camera (Zeiss, 
Australia). High (40 x) magnification pictures for fibre diameter measurement were 
acquired using Axiovision software. Prior to SEM imaging, scaffolds were mounted 
onto SEM stubs using carbon tape then gold sputter coated and imaged using an FEI 
Quanta 200 Environmental SEM operating at 10 kV. For diameter measurements two 
crossed, straight lines were arbitrarily drawn through an SEM image. The diameter 
of all the fibres intersecting the two lines was then measured, and an AFD and 
standard deviation was calculated using Image J software (National Institutes of 
Health). 
3.5 RESULTS AND DISCUSSION 
When the repulsive charges on the surface of the solution electrospinning jet 
create disturbance forces greater than the resisting viscoelastic forces in the jet, any 
bending instabilities in the jet become exaggerated in the presence of an electrical 
field, causing the jet to “whip” [154]. As the jet becomes unstable, the straight path 
of the stable jet turns erratic, causing fibre deposition to become highly random 
(Figure 3.1A). Deposited fibres are coiled to create a nonwoven mat. If the surface 
charge density is decreased, the stable zone of the jet can be prolonged (Figure 3.1B) 
[154, 238]. Using high viscosity and non-conductive polymer melts instead of 
polymer solutions is one way to greatly reduce the surface charge density and 
therefore dampen any bending instabilities experienced by the melt jet [406]. Further, 
once the spinning temperature is below the glass transition temperature of the 
polymer, whipping of the jet is suppressed by fast solidification in the spinning 
region [388]. The initial stable region of the melt electrospinning jet is relatively 
much longer, resulting in a straight jet from the spinneret to the collector (Figure 
3.1C and 3.1D) [391]. As the melt jet impacts a stationary flat collector, it buckles 
under longitudinal compression, causing the fibres to coil around the initial point of 
impact (Figure 3.1C). Such coiling patterns resemble those created by uncharged jets 
of highly viscous fluids impinging a hard flat surface [273]. The frequency of the 
coiling can be reduced by moving the collector [387], until a critical speed where the 
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collected fibre is straight (Figure 3.1D). In this processing state, the collector is 
moving faster than the molten electrified jet is being deposited, allowing fibres to be 
accurately placed. 
3.5.1 Characterising the Influence of Instrument Parameters on Fibre 
Diameter 
Similar to solution electrospinning, there are two important components to melt 
electrospinning fabrication: material- and instrument-based parameters. There are 
less material-based parameters than in solution electrospinning, where variables such 
as solvent type and solution concentration are not relevant. The most significant 
material-based parameter for melt electrospinning is the molecular weight of the 
polymer to be electrospun. With an increase in viscosity, resistance to melt flow 
through the spinneret becomes greater and limits the ability to extrude the polymer. 
Furthermore, the ability to electrostatically draw the emerging molten polymer jet is 
influenced by the viscosity; both morphologically and dimensionally. Once a suitable 
molecular weight polymer and operating temperature is established,  the instrument-
based parameters (e.g. electrospinning voltage, distance from the tip of the needle to 
collector, flow rate etc.) become important as they allow control over the resulting 
fibre diameter [403]. In addition, MEW requires further instrument parameter 
control; namely, the speeds and directions in which the collector is translated 
laterally to the path of the depositing melt jet strongly influence the accuracy of fibre 
placement [387]. 
When researchers are seeking to optimise processing parameters to obtain a 
continuous melt electrospun fibre with a specific morphology, the ability to gain 
immediate feedback on fibre morphology is beneficial. Although SEM allows highly 
detailed characterisation and accurate measurement, it requires extensive sample 
preparation, can be time consuming, costly, and depends on instrument availability. 
Since SEM does not allow an immediate evaluation of the produced fibres, one 
widely used alternative is to electrospin directly onto a glass microscope slide and 
perform preliminary characterisation using an OM. The glass slide can be introduced 
between the spinneret and the collector to collect fibres, removed without 
interrupting the process, and then placed immediately under an OM to provide the 
current status of an experiment. Such an approach allows qualitative assessment of 
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fibre morphology, to confirm whether fibres are unbroken and have a consistent 
surface, so that instrument parameters can be adjusted in real time during an 
experiment towards optimal settings. 
Since melt electrospinning is capable of producing fibres with diameters on the 
micron scale, quantitative analysis of fibre diameter via OM can also be readily 
performed. However, due to birefringence effects which occur when imaging fine 
fibres at high magnification, the accuracy of fibre diameter measurements using OM 
may be compromised. We compared fibre diameter measurements using images 
obtained from OM with SEM as represented in Figure 3.2A. The graph in Figure 
3.2B demonstrates that using our particular microscopy configuration, measurements 
using OM agreed with SEM measurements for fibre diameters of 5 µm and above. 
Therefore, OM provides a convenient tool to accurately and steadfastly characterise 
melt electrospun fibres collected onto glass microscope slides.  
To demonstrate the utility of OM characterisation, glass microscope slides 
were used to collect fibres during an uninterrupted melt electrospinning experiment, 
where the effects of varying three key instrument parameters were measured. Figure 
3.2C demonstrates that the fibre diameter of melt electrospun PCL could be 
controlled from 5 µm to 35 µm. The combination of a low flow rate, low collection 
distance and high applied voltage appeared to result in the lowest diameter fibres, 
due to an enhanced electrostatic drawing force. In fact, at 5 µL h
-1
 flow rate, 10 mm 
collection distance and 12 kV applied voltage, the drawing force acted to pull the jet 
apart into broken fibres and as such a fibre diameter measurement is not recorded. 
Increasing the flow rate appears to have the most significant effect on increasing 
AFD, while decreasing the voltage could also be used to reduce the AFD. A greater 
material delivery rate reduces the density of the surface charge on the polymer and 
therefore diminishes the electrostatic drawing force. Above 5 µL h
-1
 flow rate, 4 kV 
applied voltage was insufficient to establish a Taylor cone. Increasing the collector 
distance appears to have a more significant effect on increasing the fibre diameter at 
higher polymer flow rates. At a flow rate of 20 µL h
-1
, varying the voltage caused a 
wider range of fibre diameters when the collector distance was greater, where the 
electric field strength would be diminished according to a power law. At 20 µL h
-1
 
flow rate and 10 mm collection distance, the electrostatic drawing force provided by 
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6 kV applied voltage was insufficient to sustain the Taylor cone and the melt 
electrospinning process ceased. 
 
Figure 3.2. Using OM to rapidly determine the effect of instrument parameters on the fibre diameter, 
where A) OM and SEM images taken at the same magnification and location on the sample are 
compared; B) fibre diameter measurements using each characterisation method are compared. OM 
provides accurate quantification for fibre diameters above 5 µm compared to SEM; and C) OM 
measurements demonstrate the influence of varying melt electrospinning instrument parameters, flow 
rate, applied voltage and collector distance, on the collected fibre diameter. 
3.5.2 Melt Electrospinning onto Patterned Electroconductive Collectors 
There are numerous studies in solution electrospinning which use modified 
collector substrates to create meshes which have large pores, while retaining 
sufficient mechanical integrity for handling/processing [2, 78, 215, 385, 395]. 
Usually metallic, these collectors can have repeating patterns of holes in them [2, 
78], or are stamped with a non-conductive substrate [215]. Adopting the former 
approach, the effect of melt electrospinning onto structured metallic collectors with 
varying repeating hole patterns was investigated in this study (Figures 3.3A and 
3.3D). 
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Figure 3.3. Electroconductive collectors with different patterned voids A) and D) are shown to 
influence the location of melt electrospun fibre deposition; B) and E) show the underside of the 
corresponding scaffolds, where the fibres are first in contact with the collectors and assemble 
according to the shape of the electroconductive materials; C) and F) show the top of each patterned 
mesh, where shape fidelity is lost as the scaffold thickens and repulsive residual charge builds up 
through the fibrous layers. Scale bars 200 µm. 
In solution electrospinning, the chaotic nature of the jet causes fibres to deposit 
randomly over a larger area on a smooth flat surface, compared to melt 
electrospinning where the jet is focused. A structured collector shows a degree of 
influence on fibre deposition for solution electrospun fibres, where fibre deposition is 
significantly more dense on the metallic surfaces [2, 78]. However, the dynamic 
solution electrospinning jet causes many fibres to bridge the voids in the conductive 
collectors. In contrast, the melt electrospinning jet is less dynamic and initially fibres 
deposit exclusively onto the metallic regions of the collector. Previous studies 
support this observation, where collecting melt electrospun fibres across two metallic 
collectors separated by an air gap was shown to be limited to very short distances in 
the millimetre scale [391], while solution electrospun fibres were shown to bridge air 
gaps many centimetres in length [407].  
The SEM images in Figure 3.3 show scaffolds composed of relatively smooth 
and uniform continuous fibres with diameters in the range of 30 - 40µm. Figures 
3.3B and 3.3E show the initial depositing fibres are attracted to the electroconductive 
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material and preferentially align around the void geometries. Figure 3.3B 
demonstrates how the majority of fibres have curved around the circular voids, with 
a dense accumulation of fibres around the edges of each pore. Similarly in Figure 
3.3E, the fibres conform to the shape of the electroconductive collector, where in this 
case straight fibres are aligned along the straight edges of the diamond-shaped voids. 
As the scaffold thickness increases, the deposited fibres retain a small amount 
of electric charge which begins to insulate the melt electrospinning jet from the 
collector [273]. Figure 3.3C shows the top surface of the scaffold following 30 min 
of collection, where the influence of the structured collector on fibre deposition has 
reduced and fibres have begun to cross over the air gaps. Again, in Figure 3.3F there 
appears less control over the location of fibre deposition on the top surface as the 
scaffold thickness increases. Although there are regions of high fibre density which 
remain aligned according to the pattern of the collector, the fibres are closing in over 
the large pores. These experiments indicate that the distribution and alignment of 
melt electrospun fibres can be controlled using a patterned collector “template” to 
create scaffolds with shaped macroporous architectures with a limited thickness. 
To investigate whether melt electrospinning onto multiple structured collectors 
during a single uninterrupted process would result in the previously described 
patterned fibre deposition effects, Figure 3.4A shows an array of 20 wire mesh 
collectors upon a grounded moving plate. Each collector possessed a similar 400 μm 
x 400 μm square void template architecture. Rubber rings around the base of each 
filter provided a large separating air gap to reduce any disturbing influences on the 
jet’s path from the adjacent collectors (Figure 3.4B). The steel mesh of each earthed 
tap filter was dome shaped (Figure 3.4C), where the highest point (shortest path for 
charge to be transported from the spinneret to ground) was located directly under the 
spinneret for the 20 min duration of fibre collection. This encouraged the melt jet to 
begin depositing in the center of the mesh and for fibres to be collected over a more 
uniform area. Figure 3.4D demonstrates that not only will melt electrospun fibres 
arrange according to the patterns of flat template collectors, 3D architectures such as 
the dome shaped scaffold shown are obtainable. Figures 3.4E and 3.4F reveal the 
heterogeneous structure on the underside of the scaffold, where the open square 
shaped 400 μm pores match the architecture of the collector mesh. However, as 
demonstrated in Figure 3.3, a closed fibre architecture developed on the top of the 
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scaffold as the collection time increased and the average pore size reduced to 20 μm 
(Figure 3.4D). 
 
Figure 3.4. Melt electrospinning onto A) an array of 20 patterned substrates with raised architectures. 
A moving collector is used to move each sample under the melt electrospinning jet; to create B) 
batches of replicable porous scaffolds from a biodegradable polymer; C) where the fibres deposit 
preferentially on the raised surface of the patterned collector; D) to create a domed structure similar to 
that of the collector; while E) retaining the square-shaped porous pattern of the collector on the 
underside of the scaffold; with F) an average pore size of 250 μm. Scale bars 5 mm, 1 mm and 200 
µm for C), E) and F) respectively. 
Following 20 min of fibre collection onto the first collector, the platform 
automatically moved to position the next collector centrally under the spinneret. A 
key observation from this study is that the melt electrospinning process was not 
interrupted: the jet would be dragged slightly in the direction of the departing 
collector, causing it to deform into a catenary profile, before tension in the melt jet 
would resist any further offset. The arrival of the new collector caused the jet to 
return to the center position (directly below the spinneret) and begin to deposit in the 
center of the next dome shaped collector. The absence of accumulated charge on the 
next collector resulted in ordered fibre collection until again a localised build-up of 
residual charge in the fibres would limit the control over fibre deposition. This 
process was repeated so that 20 similar scaffolds (Figure 3.4B) could be fabricated 
automatically in a single batch. Importantly, this example demonstrates that a large 
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number of melt electrospun samples can be effectively generated using an automated 
process. In total, 400 cell-invasive samples with repeatable architectures were 
fabricated in one week using this approach, for in vitro/vivo TE studies that are 
reported elsewhere [408].   
3.5.3 Melt Electrospinning onto Stationary Collectors 
Following the observation that control of fibre deposition using structured 
collectors diminished over time, fibre collection characteristics on static, flat surfaces 
were investigated to further interrogate charge phenomena affecting the behaviour of 
the jet. Typically metallic materials are used as collector substrates because their 
high electrical conductivity assists removal of charge from the depositing melt 
electrospun fibres [177, 179, 181, 189, 190, 218]. However, collector substrate 
materials with different conductivities and surface charge characteristics could affect 
the collection behaviour of fibres. Mitchell et al. reported that the dielectric strength 
and surface area of materials such as plastic could significantly distort the electric 
field and therefore affect the resulting fibre diameter and inter-fibre spacing [155]. 
Earlier it was demonstrated that glass microscope slides allow rapid characterisation 
of melt electrospun fibre morphologies. This experiment investigated any differences 
in fibre deposition behaviour between glass microscope slides and a metallic control, 
where glass microscope slides were wrapped in Al foil. 
The slides were placed on a grounded platform, where computer-controlled 
movement allowed fibres to be automatically collected in discrete regions on the 
slides, for defined periods of deposition: pause times incremented from 1, 2, 5, 10, 
20, 50 to 100 s respectively (Figure 3.5A). The graph in Figure 3.5B indicates little 
effect between the surfaces on AFD for collection periods up to 100 s, though the 
fibre diameter is slightly lower for the first two seconds on the Al collector. This 
suggests that the use of glass microscope slides and OM is a valid approach for the 
expedient characterisation of fibre morphologies, even when using a metallic 
collector which would not allow the fibres to be easily visualised under an OM. 
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Figure 3.5. A) A schematic showing melt electrospinning for increasing durations onto stationary 
glass and Al covered microscope slides. A single microscope slide was placed on a grounded x-y stage 
collector which was programmed to pause for incremental collection times from 1 s to 100 s; B) the 
measured fibre diameters for each collection period on both substrates are compared; as well as C) the 
measured areas over which fibres deposit for each collection time (n = 20). On the right are SEM 
images of melt electrospun fibres collected onto stationary Al foil covered (left) or glass microscope 
slides (right), with increasing collection times. Scale bars 1 mm. 
Whereas in solution electrospinning fibres immediately deposit over a large 
surface area due to whipping effects [154], in melt electrospinning the fibre 
deposition is initially relatively focused. However, the deposited fibres retain a small 
amount of residual coulombic charge and begin to insulate the melt jet from the 
conducting collector as the stored charge builds up. Over time, newly depositing 
fibres are repelled outwards from the initial collection point, where the surrounding 
uncovered collection surface provides less resistance for charge to be transported to 
ground [273]. The result is a growing circular mesh of coiled fibres with a relatively 
uniform thickness, often referred to as a “nonwoven” [235]. The table in Figure 3.5C 
shows that for collection times of 50 s or less, there were no significant differences 
between the average areas of the circular meshes using glass or Al collectors. 
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However, for collection times above 50 s, there was a slight increase in the mean 
mesh area for the microscope slides compared to the Al foil, where the glass material 
would be less efficient at transporting charge to ground. 
Figure 3.5 also shows the growth of the circular meshes from Figure 3.5A over 
increasing durations. The initial random nature of fibre coiling is similar on both Al 
and glass microscope slide surfaces after 10 s, where fibre deposition is governed by 
the wavelength of buckling (approximately 500 µm in this case). As the polymer 
fibres increase in density, the jet is repelled from the like charged fibres and attracted 
to the unexposed part of the collector. This causes the point of contact between the 
jet and the collector to move outwards over a larger surface area. However, the 
resulting deviation of the jet profile from the midline (Figure 3.6A) due to 
electrostatic forces  is resisted by viscoelastic tensile stresses in the melt jet [273]. 
After 20 s of collection in Figure 3.5, a point is reached where the increasing tension 
in the melt jet begins to resist any further travel away from the midline, and a 
maximum collection area is reached. The tensile forces induced in the melt 
electrospinning jet dampen the compressive buckling forces, causing the frequency 
of coiling to decrease and the wavelength of coiling to increase [273]. This is seen 
around the edges of the meshes in Figure 3.5, where after 50 s the fibres begin to coil 
in a pendulum motion around the perimeter of the mesh, to create a circular ribbon-
like structure of fused fibres stacked on top of each other. 
After 100 s collection time in Figure 3.5, the tension in the melt jet causes the 
ribbon-like stack of fibres to spiral towards the center of the circular mesh. With the 
build-up of repulsive charge in the mesh, the melt electrospinning jet reduces in 
length to maintain sufficient electrostatic driving potential, seeking the highest point 
in the fibrous construct [183]. The fibres stack on top of each other to create a 
conical structure, growing upwards towards the spinneret. Such a fibre deposition 
phenomenon is not typically observed in solution electrospinning onto smooth, flat 
surfaces due to several factors: the fibres are spread over a larger surface area due to 
whipping of the jet; and the enhanced build up in electric charge on the relatively flat 
mesh of deposited fibres sees the solution jet repelled away from the collector before 
3D constructs can be fabricated.  
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Figure 3.6. A) schematic showing deflection of the melt electrospinning jet profile away from the 
midline due to the buildup of repulsive electric charge in the collected fibres (stationary collector); B) 
initially the fibres deposit randomly and are coiled due to buckling (inside highlighted pink circle) 
until tension develops in the jet, which resists further deflection of the jet profile. The repulsive 
charges in the mesh cause the jet to adopt a pendulum motion where the jet circles the perimeter of the 
mesh (outside the highlighted pink circle); until C) the fibres begin to stack on top of each other 
towards the spinneret to create a conical 3D structure. Scale bars 10 mm. 
When all of the other melt electrospinning parameters were held constant, 
increasing the spinneret to collector distance from 20 mm (Figure 3.5) to 50 mm 
(Figure 3.6B) was demonstrated to increase the fibre deposition area. An increased 
jet length increases the natural wavelength of the jet, as well as reducing the electric 
field strength in the experiment, which decreases the jet velocity at impact with the 
collector. These two factors combine to increase the wavelength of fibre coiling, 
where inside the highlighted pink region in Figure 3.6B the randomly deposited 
fibres are less densely packed than in Figure 3.5. Outside of the highlighted region in 
Figure 3.6B, the increase in coiling wavelength is visible without microscopy, where 
the fibres begin to loop in a circular manner around the perimeter of the mesh. With a 
reduced electrostatic driving force, the fibres are less densely packed before the onset 
of fibre stacking, where after several hours the tensile limit in the jet is reached and 
the fibres begin to stack vertically to create conical structures such as that shown in 
Figure 3.6C.  
3.5.4 Melt Electrospinning Writing 
 The previous section demonstrated that on a flat stationary collector surface 
the melt jet will eventually reach a maximum area of fibre deposition, where the 
tensile stresses developed in the jet resist further deflection of the jet profile away 
from the midline due to the repulsive stored charge in the collected fibres. Instead, 
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the stored repulsive charge in the fibres forces the jet to adopt a pendulum motion 
around the perimeter of the fibrous mesh [273]. Another approach to induce tension 
in the melt electrospinning jet is to introduce relative motion between the collector 
and the spinneret. If the collector is moved laterally to the path of the jet, a tensile 
drag force between the collector and the depositing jet will act to resist deformation 
of the jet profile from the straight (shortest) path to ground. Similar to the situation 
previously described, such a tensile force will act against the compressive buckling 
phenomenon to reduce the wavelength of fibre coiling [387]. 
If the collector is translated in a straight line with increasing speed (from top to 
bottom in Figure 3.7A), the tensile drag force in the melt electrospinning jet 
increases accordingly, acting to reduce the wavelength of fibre coiling. As is 
described schematically in Figure 3.1C to 3.1D, there is a critical point where the 
collector speed equals the speed of the melt electrospinning jet, at which the 
compressive buckling and tensile drag forces balance and the wavelength of 
depositing fibre coiling becomes infinite [387]. At this point, fibre deposition occurs 
directly below the spinneret, as shown on the left in Figure 3.7B, and a straight 
fibrous line in the direction of collector movement results (bottom of Figure 3.7A). 
 
Figure 3.7. A) melt electrospun fibres collected onto a grounded flat collector, programmed to 
translate in straight lines (in the direction of the arrows) with increasing speed (from top to bottom). 
Initially the fibres are coiled due to buckling, then the wavelength of the coiling decreases with 
increasing collector speed. When the collector speed matches the melt electrospinning jet speed 
(critical translation speed), the wavelength of fibre coiling becomes infinity and a straight fibre in the 
direction of collector movement results (bottom); B) at the critical translation speed, compressive 
buckling forces are matched by tensile forces in the jet (created by drag between the jet and the 
collector surface).  The jet profile is straight (left) and impacts the collector directly below the 
spinneret. If the collector is moved above the critical translation speed, tensile drag forces increase, 
causing the jet profile to deform and the point of impact to lag behind the midline; C) faster translation 
speeds cause a slight reduction in AFD. Arrows show that the critical translation speed varies for 
different fibre diameters (where the jet speed will decrease for larger fibre diameters). 
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If the collector is moved at greater speeds, the tensile drag force increases 
above the compressive buckling force, causing several effects: the jet profile deforms 
away from the midline and the impact point begins to “lag” behind (Figure 3.7B 
right); while Figure 3.7C demonstrates that a degree of mechanical drawing is 
imparted on the collected fibres, reducing the AFD. However, the reduction in AFD 
due to increased collector speed (Figure 3.7C) is modest compared to changing an 
instrument parameter such as flow rate of the polymer melt to the spinneret (Figure 
3.2). An observed effect is that increasing the flow rate acts to slow the speed of the 
melt electrospinning jet [387]. The consequence of this is shown in Figure 3.7C, 
where the critical speed to achieve a straight melt electrospun fibre is lower when a 
higher flow rate is used. Since the flow rate is proportional to the AFD, this produces 
a general rule that at the critical translation speed the smaller diameter fibres require 
a faster translation speed to remove coiling and write straight fibrous lines [387]. 
If an automated collector is programmed to translate continuously at the critical 
speed in different directions, a process termed MEW occurs, allowing scaffolds 
consisting of fibrous lines to be constructed with complex patterns (Figure 3.8A). 
Such an approach can produce two classes of fibres – coiled and linear – where the 
transition from random nonwoven fibres to accurate placement is primarily 
dependent on the collector translation speed. While the mechanical effect of 
operating above the critical translation speed does begin to reduce the fibre diameter, 
it is at the expense of placement accuracy. For controlling changes in fibre diameter, 
it is more effective to alter the flow rate and operate at the relevant critical translation 
speed. 
 
Figure 3.8. A) melt electrospun fibres are collected onto a grounded flat collector programmed to 
translate continuously at the critical speed in different straight line directions; B) this process, MEW, 
allows 3D structures consisting of straight fibrous lines to be constructed with repeating patterns. 
Fibres can be accurately placed on top of each other many times; before C) a buildup of repulsive 
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charge in the fibres causes the jet to deflect, and the accuracy of fibre placement is lost. Scale bars 2 
mm, 1 mm and 100 µm in A), B) and C) respectively. 
3.5.5 Limits of Substrate Height and Accurate Fibre Placement 
The production of true 3D objects using electrospinning relies on the ability to 
stack fibres one upon another and have them fuse together to create a coherent 
structure. Since electrostatic forces are used to draw the electrospinning jet into 
fibres, both shielding and residual charges upon the deposited fibres can affect 
deposition accuracy, as previously shown in Figures 3.5 and 3.6 when collecting onto 
a stationary collector. This effect is also commonly observed in solution 
electrospinning, where deposited fibres repel the newly depositing fibres, producing 
challenges in the formation of 3D structures. However, many of the residual charges 
in that instance are contributed by remaining solvent that has not fully evaporated. 
Since melt electrospinning is solvent free, it would be expected that a greater volume 
of fibres could be deposited, to more readily form a 3D structure. 
Indeed melt electrospinning can produce structures with significant height – 
many cm – as shown in Figure 3.6C. However, for 3D printing applications it is 
important to achieve structures with accurate fibre placement. Figure 3.8B 
demonstrates that the 20 µm average diameter linear fibres which create the pattern 
fabricated in Figure 3.8A using MEW, can be continuously and accurately placed on 
top of each other to create an ordered structure - consisting of an array of 1 mm x 1 
mm boxes. The automated moving collector repeatedly translated the path, which 
defines the pattern in Figure 3.8A, to create a structure with a height of 
approximately 1 mm. Figure 3.8C demonstrates that 50 layers of the repeating box 
pattern could be placed on top of each other before electrostatic repulsion from 
residual charge on the fibres induced a significant loss of placement resolution. 
3.5.6 Fibre Placement Accuracy during Writing 
Considering the repeatability of the moving x-y stage used (± 50 µm), it may be 
considered surprising that for each of the first 50 layers of deposition, the fibres in 
Figure 3.8 deposit directly on top of each other. This suggests that in this case the jet 
is in fact attracted to, rather than repulsed by, the previously deposited filament. We 
suggest an explanation for this phenomenon: although the fibre may contain a degree 
of residual charge which would be expected to repel the jet, this charge may be 
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trapped in the internal structure of the fibre [409]. Furthermore, the difference 
between this stored charge potential in a single fibre and the grounded collector may 
be so low that the physical geometry of the fibre plays a greater influence on the path 
of charge transport. In cross section, the fibre would appear as a point raised above 
the flat grounded surface and therefore offer a shorter path for the jet to discharge to 
a lower potential surface. The majority of charge would be transported to ground 
across the surface of the fibre, while the residual charge is trapped inside the fibre as 
it completely solidifies. As the fibres continue to stack up to a significant height (50 
layers) as seen in Figure 3.8C, the amount of collective charge stored in the fibres 
becomes sufficient to begin to repel the jet and exact fibre placement is lost.  
While the distance between parallel 20 µm diameter fibres in Figure 3.8 was 
relatively large (1 mm), Figure 3.9A demonstrates the result of programming a step-
wave pattern where the spacing between parallel lines is reduced to 10 µm.  
 
Figure 3.9. A) MEW of a step-wave pattern. Coiled fibres at the edges of the construct are the result 
of a brief pause in the program after each turn; B) top view of ribbons of parallel fibre stacks spaced at 
approximately 300 µm. After approximately 20 layers, fibre placement is disturbed by accumulated 
charge in the fibres, as seen by fibres crossing over between adjacent stacks; C) underside of scaffold 
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fabricated from fibres collected with straight lines written above the critical translation speed. The 
fibres lag behind the programmed step (square) pattern in the turning regions and “cut the corner” as 
loops, however, the extra tension in the melt jet provides greater resistance to the disturbing electric 
forces and allows fibres to be placed in closer proximity; D) as fibre collection continues over several 
hours, the buildup of residual charge in the scaffold causes the electric forces to dominate the tensile 
mechanical forces and the fibre stacks begin to fan away from each other (top view). Scale bars A) 1 
mm, B) 100 µm, C and D) 1mm. 
At the edges of the construct there are coiled fibres, where the program 
included a brief pause after each turn, so that before each (horizontal) straight line 
segment was written there was minimal mechanical influence on the path of the jet 
due to tensile drag. In this case adjacent horizontal fibres (which were written at the 
critical translation speed) were observed to stack on top of each other in a similar 
manner to Figure 3.5 and Figure 3.8. Figure 3.9B shows ribbons of fibre stacks 
spaced at approximately 300 µm, rather than fibres placed down beside each other 
with the programmed 10 µm spacing. After approximately 20 layers in Figure 3.9B, 
the fibre placement begins to become disturbed. The fibres are observed to be 
deflected from their straight path and begin to cross over to adjacent fibre stacks. 
This could be attributed to slight height differences between the fibre stacks as they 
form, or differences in the cumulative charge in each stack, where the jet seeks the 
path of least resistance to discharge to ground. 
Figure 3.9C illustrates an approach investigated to reduce the distance between 
deposited parallel fibres, by attempting to resist the electrical disturbing forces in 
Figure 3.9B with mechanical forces. Here, the collector speed was increased above 
the critical translation speed to increase the tensile drag force acting on the jet. One 
compromise to this approach is observed on the right in Figure 3.9C, where the 
looped fibres lag behind the programmed step (square) pattern in the turning regions 
and “cut the corner” [387]. However, increasing the tension in the melt 
electrospinning jet reduced the average distance between parallel fibre stacks from 
300 µm (Figure 3.9B) to 200 µm in the layers close to the grounded collector (Figure 
3.9C). From the diameter of the looped fibres in Figure 3.9C, it would appear that the 
viscoelasticity of the jet may become a limiting factor on how tightly the jet can turn 
when using such a square wave writing approach. As fibre collection in Figure 3.9C 
continued over several hours, the typically observed buildup of residual charge in the 
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scaffold caused the fibre stacks to fan away from each other. The top view of the 
scaffold in Figure 3.9D shows the fibre stacks have become separated by 
approximately 1 mm. 
3.6 CONCLUSIONS 
Even though melt electrospinning is increasingly described in the literature, 
there remains a general lack of melt electrospinning expertise, in particular to build 
large volume scaffolds with reproducible features for use in biomaterials and TE. 
One key factor is the absence of knowledge regarding charge transport in melt 
electrospun fibres, which limits the predictability of fibre placement over time due to 
charge interactions between collected fibres. Various melt electrospinning fibre 
collection approaches were investigated in this study to fabricate scaffolds with 
interconnected pores large enough to be cell invasive and suitable for vascularisation. 
We also demonstrated a method which allows rapid fibre characterisation, to assess 
the influence of varying in process operating parameters on fibre morphology, 
without the need to interrupt a melt electrospinning experiment. OM provides 
accurate quantification for fibre diameters above 5 µm compared to SEM. 
For PCL with an average molecular weight of 80 kDa processed it at 90 
degrees, the AFD could be controlled from 35 µm down to 5 µm. The combination 
of low flow rate, short collector distance and relatively high voltage provided the 
smallest diameter fibres. However, if the collector was too close to the spinneret and 
the voltage was too high, the electric field strength was too great and it pulled the jet 
apart. On the other hand, at higher flow rates there was more material emerging from 
the spinneret and the lower voltages could not provide sufficient charge density to 
initiate a Taylor cone. Material delivery rate was the most significant processing 
parameter to control fibre diameter within the operating range, where low flow rates 
equate to smaller diameter fibres. 
When the focused melt electrospinning jet impacted a stationary flat collector, 
the following characteristics of fibre deposition were observed: initially, compressive 
buckling caused the solidifying fibres to randomly coil around the point of impact 
directly below the spinneret. This phenomenon is different to solution 
electrospinning, where whipping of the electrified jet distributes the coiled fibres 
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over a significantly larger area at the onset of deposition [154, 238, 239]. Over time, 
the buildup of residual charge in the collected melt electrospun fibres caused the jet 
profile to deflect outwards from the midline and the area of the circular nonwoven 
mesh of fibres increased. Tensile stresses developed in the melt electrospinning jet to 
resist further outward deformation of the jet profile and instead the jet was deflected 
around the perimeter of the circular mesh by the repulsive charges, following a 
pendulum motion. Eventually the fibres stacked vertically to create a conical 
structure which grew towards the spinneret. Similar fibre deposition phenomena 
were observed on metallic and glass substrates. 
Electroconductive collectors with different patterned voids were shown to 
influence the location of melt electrospun fibre deposition. The charged melt 
electrospinning jet deflected towards and deposited preferentially onto the 
conducting substrates, where the fibres aligned according to the patterned surfaces. 
Stacks of fibres were observed to form around the edges of the pores which, 
combined with a build up in repulsive residual charge, over time led to a loss in 
fidelity of the porous structure as the thickness of the scaffold increased and fibre 
placement became more random. Batches of replicable porous scaffolds showed this 
effect is reproducible. 
MEW was demonstrated as a 3D printing approach to produce ordered TE 
scaffolds with enhanced control over fibre placement to create more uniform porous 
structures. MEW offers improved filament resolutions over processes such as FDM 
for the processing of polymer melts. In melt extrusion based direct writing, where the 
polymer is applied from the nozzle directly onto a collector substrate, the filament 
placement resolution is largely controlled by the precision of the moving parts of the 
machine. MEW on the other hand, involves the added complexities of controlling 
coiling of the melt jet and disturbing electric charge interactions. Translating a flat 
collector surface laterally to the melt electrospinning jet introduced a tensile drag 
force between the collector and the jet. The tensile force increased as the collector 
was translated faster, causing the wavelength of compressive buckling at the impact 
point on the collector to increase.  When the collector translated at the critical 
translation speed in a straight line, coiling did not occur. Instead the fibre deposited 
directly below the spinneret as a continuous straight line in the direction of collector 
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movement. Faster collector speeds deformed the jet profile away from the midline, 
causing a loss of accuracy in fibre placement due to lag. 
These observations of fibre deposition demonstrate that translating the 
collector according to a pre-programmed pattern at the same speed as the melt 
electrospinning jet allowed the writing of coherent 3D fibrous structures with well 
controlled porous architectures. The height that a melt electrospun scaffold could be 
accurately fabricated was influenced by the pattern deposited (including the spacing 
between fibres), the speed of translation, as well as the buildup of residual charge in 
the fibres. Further understanding of how the viscous, electrically charged melt 
electrospinning jet interacts with the collector surface will improve the accuracy and 
repeatability of fibre deposition, towards developing this process as a 3D printing 
approach. We are confident that these insights will facilitate improved design and 
fabrication of ordered MEW structures for application in TE. 
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4.1 ABSTRACT 
Melt electrospun fibres of poly(ε-caprolactone) are accurately deposited using 
an automated stage as the collector. Matching the translation speed of the collector to 
the speed of the melt electrospinning jet establishes control over the location of fibre 
deposition. In this sense, melt electrospinning writing (MEW) can be seen to bridge 
the gap between solution electrospinning and direct writing additive manufacturing 
processes. 
4.2 KEYWORDS 
Electrospinning; polycaprolactone; fibres; tissue engineering; direct writing; 
scaffolds 
4.3 INTRODUCTION 
A decade has passed since solution electrospinning, which has increasingly 
diverse utility [410], was proposed as a method to design and fabricate scaffolds for 
tissue engineering (TE) applications [37]. In most cases, non-woven meshes of sub-
micrometre diameter fibres, which resemble the fibrils found in native extracellular 
matrix (ECM), are collected [1]. However, the low pore sizes associated with the 
random layering of sub-micrometre diameter fibres is a fundamental issue for 
solution electrospun meshes, which act as a barrier to cell infiltration rather than 
promoting it. An important study by Mikos and colleagues demonstrated that, 
assuming randomly deposited fibres, fibre diameters must be at least 4 μm to design 
and fabricate a scaffold with a pore size of at least 20 μm in order to promote cell 
invasion and growth [40]. This limiting factor can be attributed to the nature of the 
solution electrospinning process. As the polymer solution is electrostatically drawn 
into a jet, following an initially straight stable zone, bending instabilities develop in a 
secondary zone along the flight path of the charged jet [152]. Although this results in 
ultrafine fibres, it causes a relatively large area of collection characterised by chaotic 
deposition. As a consequence, solution electrospun meshes are usually thin and their 
assembly is random [411]. There are, however, approaches for the organised 
deposition of solution electrospun fibres reported in the literature [2, 57, 72, 78, 412]. 
While each of these methods provides reasonably ordered structures, charge 
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accumulation effects on solution electrospun fibres tend to restrict the amount of 
layers which can be collected and remain bound as one coherent structure [36]. 
One method to improve the control over the location of electrospun fibre 
deposition is to operate in the region of the jet where the flight path is straight. For 
polymer solutions this requires reducing the distance to the collector to below that at 
which bending instabilities develop [66, 87-91], however, this limits the ability to 
remove solvent from the process by evaporation. Alternatively, polymer melts, 
typically with higher viscosities and lower conductivities compared to polymer 
solutions, can be electrostatically drawn over relatively large distances while 
maintaining a straight jet path [92]. Greater disturbance forces are required to 
overcome the surface tension in these jets, resulting in extended regions of stability 
up to many centimetres in length [4, 121]. Ultimately the melt electrospun fibre tends 
to be larger than the solution electrospun one, although there are exceptions to this 
rule [92]. As shown by Mikos et al., however, an increase in fibre diameter facilitates 
increased pore size and interconnectivity, which has benefits for scaffold design [40]. 
In the research described here, the predictable deposition location of several 
types of melt electrospun fibres is combined with an automated laterally translating 
collection system to create a direct writing process which allows the design and 
fabrication of scaffolds with controllable architectures and patterns. Over a range of 
fibre diameters, from single micrometre magnitudes to 50 μm, we demonstrate that 
as the melt electrospinning jet deposits it can be drawn into continuous straight lines, 
with optimal control when the collector translates at speeds matching the jet speed. 
Furthermore, these lines can consistently be laid on top of each other to reproducibly 
build three-dimensional (3D) lattices for biomedical applications, with dimensions 
that allow cell and tissue invasiveness. 
4.4 MATERIALS AND METHODS 
4.4.1 Materials 
PCL (Mn = 80 000) (Batch #12331AB) and PCL (Mw = 50 kDa) (Lot #41029) 
were purchased from Sigma–Aldrich (Australia) and Perstorp, UK Ltd. (United 
Kingdom), respectively, and used as received without any further treatment. 
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4.4.2 Electrospinning 
PCL pellets were loaded into a plastic Luer-lock 3 mL syringe (B-Braun, 
Australia). The syringe was placed in a custom Plexiglass water jacket housing 
(Labglass, Australia) through which heated water (70 to 90 °C) was circulated using 
a recirculating water tank (Ratek, Australia). The syringe was heated for one hour to 
provide a homogeneous polymer melt. Hypodermic needles (21 and 23 G) (Becton 
Dickinson, Australia) were attached to the syringe to be used as the spinneret. The 
feeding rate of the polymer melt in the syringe (5 to 50 μL h−1) was controlled using 
a programmable syringe pump (World Precision Instruments, USA). Voltages up to 
12 kV were applied to the needle. The distance between the tip of the needle and the 
collector was 30 mm. A 2 mm thick, 12 mm × 12 mm aluminum plate was used as a 
grounded collector, mounted onto two linear slide assemblies (Velmex Inc., USA) in 
an x–y configuration. Custom translation patterns were written in G-code and 
controlled using Mach3 motion control software (Artsoft, USA). Translation 
velocities ranged up to 5 m min
−1
. 
4.4.3 Morphology Observation 
Scaffold surfaces were sputter coated with gold (10 nm thick) using a Leica 
Microsystems EM SCD005 (Germany) and scanning electron microscopy (SEM) 
examination carried out using an FEI Quanta 200 Environmental SEM (Netherlands) 
at an accelerating voltage of 10 kV. Optical images were taken using a Canon EOS 
450D digital single lens reflex (DSLR) camera with a Canon EF-S 60 mm f/2.8 
Macro USM lens (Canon.Inc, Australia). Images were prepared and processed using 
Corel DRAW and PHOTO-PAINT X4 (Corel Corporation, Australia) and Adobe 
Photoshop and Illustrator CS4 (Adobe Systems Incorporated, Australia) using image 
auto-adjust functions. The images in Figure 4.1A and 4.1B were imported into Image 
J software (NIH, USA) and the fibre diameter for each line measured at five random 
locations. Mean fibre diameters, standard error of the means, and differences 
between the means (using one-way ANOVA with the assumption of normally 
distributed data) were then calculated using PASW Statistics 18 software (SPSS Inc., 
USA). 
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4.5 RESULTS AND DISCUSSION 
Through manipulation of the melt electrospinning process parameters such as 
spinneret diameter, voltage, and collector distance, the diameter of the resultant fibre 
can be controlled for different materials (Table 4.1) [221]. One of the prime 
considerations is the combination of melt temperature (which influences the melt 
viscosity) and extrusion rate, which together determine the filament stability and are 
reported to have the most significant influence on fibre diameter [221]. For example, 
as described by Charuchinda et al., poly(ε-caprolactone) (PCL) has a wide melt 
processing range owing to its low melting point (60 °C) and high thermal stability 
[286]. In such a case, it is preferable to choose a spinning temperature near the lower 
end of the range, because the higher the temperature, the more heat that needs to be 
removed from the electrospun fibre as it cools. 
Table 4.1. Example of various melt electrospinning parameters which can be modified to yield 
different AFDs using different materials (in each case voltage and collector distance are constant at 12 
kV and 30 mm respectively). 
Material 
Temperature 
[°C] 
Delivery Rate 
[µL h
-1
] 
 
Nozzle Inner 
Diameter 
[µm] 
Writing 
Speed 
[m min-1] 
Fibre  
Diameter 
[µm] 
PCL
[a]
 70 5 337 (23G) 5 1-2 
PCL
[a]
 80 5 337 (23G) 3 5 
PCL
[a]
 70 5 514 (21G) 1 12.5 
PCL
[a]
 70 50 514 (21G) 0.5 19 
PCL
[b]
 70 5 514 (21G) 0.5 20 
PCL
[a]
 80 5 514 (21G) 0.36 36 
PCL
[a]
 90 5 514 (21G) 0.35 37.5 
PCL
[a]
 80 50 514 (21G) 0.325 44 
PCL
[a]
 90 50 514 (21G) 0.3 46 
PCL
[b] 70 50 514 (21G) 0.25 50 
Note: 
[a]
 Mw = 50 kDa; 
[b]
 Mw = 80 kDa. 
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Starting with the case where the melt temperature is fixed at 70 °C. At a mass 
flow rate of 50 μL h−1, melt electrospinning of PCL (CAPA 6500C, Mw = 50 kDa, 
Perstorp Ltd., UK) onto a stationary collector results in smooth uniform fibres with 
an average diameter of approximately 21 μm (where the spinneret inner diameter, 
voltage, and collector distance are fixed at 0.514 mm (21 G needle), 12 kV, and 30 
mm respectively). Figure 4.1A shows lines of such fibres when they are deposited 
onto a flat collector which translates below a stationary spinneret. A constant 
translation speed (horizontal direction in Figure 4.1A) is assigned to each fibrous 
line, with the speed increased between lines from top to bottom with the following 
values: 0.01, 0.05, 0.1, 0.2, 0.5, and 1 m min
−1
, respectively. Typically, when the 
melt jet deposits onto a stationary surface, it exhibits a straight profile with a 
buckling region close to the collector caused by axial compression as the jet impacts 
the collector. Buckling causes the jet to deposit as randomly oriented coils, so that 
the point of contact between the jet and the collector varies away from that point 
directly beneath the electrospinning spinneret [89]. When the collector is moved 
laterally in a straight path, the jet is observed to behave in a similar manner to that 
described for viscous threads falling onto a moving surface [413, 414]. As seen in 
Figure 4.1A, with increasing translation speed the coiling effects as a result of 
buckling diminish until the collector speed matches the jet speed at impact (in this 
case 0.5 m min
−1
), and the result is a continuous fibre drawn into a straight line with 
a reduced average diameter of approximately 19 μm. 
In Figure 4.1B, the flow rate is reduced by a degree of magnitude from 50 to 5 
μL h−1 (the minimum delivery rate achievable in these experiments) and the collector 
speeds for each line correspond to those in Figure 4.1A. There is less viscoelastic 
mass resisting being accelerated towards the collector, causing an increase in jet 
speed and reduction in fibre diameter. This is accompanied by higher frequency 
buckling with a reduced coil size [90]. The result is that a faster collector speed of 1 
m min
−1
 is required to draw the jet into a straight line. 
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Figure 4.1. Photograph of lines of PCL fibres melt electrospun at A) 50 and B) 5 μ Lh−1 both at 70 
°C. The combination of 12 kV electric field potential and 30 mm collector distance was optimised to 
maintain the shortest working distance to enable the jet to remain focused without arcing between the 
collector and spinneret, while allowing adequate distance for the fibre to cool sufficiently and thus 
solidify. The collector is moving at constant horizontal speeds, increased from top to bottom as 
indicated for both figures. C) The effect of translation speed on fibre diameter for both flow rates. The 
experimental data represent the average of five samples with the error bars representing the standard 
error of the means. Significant differences were found between the fibre diameters at several collector 
speeds for both flow rates (p < 0.05), however, for clarity these differences are indicated only for the 
highest and lowest speeds on the graph. D) Comparison of fibre diameter for the cases in A) and B) at 
70, 80, and 90 °C, where the translation speed is further increased. The experimental data represent 
the average of five samples with the error bars representing the standard error of the means. 
Significant differences were found between the fibre diameters between each combination of 
temperature and flow rate for several collector speeds (p < 0.05). A significant difference was also 
found between the slope of the curves at 90 °C and the remaining curves (p < 0.05), however, for 
clarity these differences are not shown. All scale bars are 1 mm. 
Figure 4.1C shows AFDs measured for each line in Figure 4.1A and 4.1B, with 
an approximate one-third reduction in fibre diameter when the flow rate is reduced 
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from 50 to 5 μL h−1. Furthermore, these results indicate that when the flow rate is 
held constant, increasing the collector speed causes a reduction in fibre diameter 
because of the introduction of a drawing effect. Figure 4.1D compares the two 
previously described cases where the melt temperature is increased from 70 to 80 and 
90 °C, respectively, with the collection speed further increased up to 5 m min
−1
. The 
viscosity of CAPA 6500C PCL is reported to reduce from 2890 Pa s (10 s
−1
) at 70 °C 
to 1353 Pa s (10 s
−1
) at 100 °C [415], thus improving the melt flow behaviour of the 
extruded polymer. According to Domingos et al., at temperatures above 90 °C, the 
flow properties of PCL remain roughly stable [248]. At higher spinning temperatures 
over 90 °C, as the melt viscosity further decreases, the fibres do not solidify 
sufficiently over the 30 mm collector distance prior to deposition and as a result 
begin to spread non-uniformly on the collector (Figure 4.2). 
 
Figure 4.2. PCL fibres melt electrospun at 95 °C. Over a collection distance of 30 mm, as shown in 
the OM image (left), fibres do not have sufficient time to solidify and therefore spread non-uniformly 
on the collector. A second effect of an elevated melt temperature during writing is fibre breakage, 
shown in the low (middle) and high (right) magnification SEM images, where the molten fibre does 
not possess sufficient cohesion to remain intact as it is drawn across the fibres already collected. All 
scale bars 100 μm. 
When collection speeds are increased, this leads to premature breaking of the 
electrospinning jet, or fracture of the fibre as it is stretched between fibres across the 
collection surface (Figure 4.2). 
In Figure 4.1D the stationary (or starting) AFDs are greater at a flow rate of 50 
μL h−1 than at 5 μL h−1 for each temperature. However, for a particular flow rate an 
increase in temperature is causing an increase in initial fibre diameter. This can be 
explained by the fact that in these experiments a syringe pump, which uses a constant 
displacement screw to generate flow, was used as the driving mechanism to extrude 
the polymer melt through a needle. As the temperature increases, the viscosity 
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decreases which means that the polymer flows more readily (provides less resistance 
to extrusion) through the spinneret for the same syringe pump flow rate setting. Thus, 
in this case the increasing temperature is having the effect of increasing the fibre 
diameter through an increased mass delivery rate. Although typically in the literature 
the syringe pump flow rate is quoted as the experimental flow rate [4], our results 
show that further investigation is required to establish a means to characterise the 
actual mass delivery rate to the electrospinning Taylor cone based on the 
combination of temperature and device flow rate. 
Although an increase in temperature leads to a larger starting fibre diameter, 
the associated reduction in viscosity causes an increase in elasticity of the jet. 
Therefore, when the translation speed is increased, there is a greater relative 
reduction in fibre diameter because the jet is more readily elongated. This is shown 
in Figure 4.1D where the initial slopes of the curves are steeper with increasing 
temperature. In each case, the curves level out with increasing speed and appear to be 
converging on an ultimate diameter as the fibre is further drawn. However, as will be 
further discussed, what is of more interest for the development of a MEW process is 
matching the jet speed with the collector translation speed. The translation speeds 
where the collected fibres become straight lines in each case in Figure 4.1D are: 1, 
0.5, 0.36, 0.35, 0.3, and 0.325 (m min
−1
) for the respective 5/70, 50/70, 5/80, 5/90, 
50/90, and 50/80 (μL h−1, °C) flow rate/temperature combinations. For the 
combination of fixed process parameters described above, the minimum achievable 
AFD at the point where the collected fibre becomes straight is 12.5 μm, using a flow 
rate/temperature combination of 5/70 (μL h−1, °C). 
As the collector speed increases towards and beyond the jet speed, the jet 
profile may be described by a viscous thread “vertical fall” solution [416]. This can 
be explained by consideration of the forces at work on the jet which determine its 
profile, and are influenced by the relationship between jet speed (SJ) and collector 
speed (SC). Figure 4.3A illustrates schematically the change in shape of the jet profile 
corresponding to four different relative collector speeds: 1) when the collector is 
stationary (SC = 0), the jet’s path is straight with a “compressive heel” close to the 
collector where buckling occurs. This causes the location of deposition to diverge 
away from the point directly below the spinneret as coiling takes place [416]; 2) the 
net effect of the compressive force reduces as the collector speed is increased. Drag 
between the jet and the collector surface introduces an axial tensile force into the jet. 
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When the collector speed is equal to the jet speed (SC = SJ), the heel region in the jet 
profile has decreased to a balance between the tensile and compressive forces. As a 
result, the point of deposition moves directly under the spinneret [416]; 3) when the 
collector speed is increased above the jet speed (SC > SJ), the point of contact 
between the jet and the collector begins to “lag” behind the point directly below the 
spinneret. Drag dominates the compressive stresses and causes a delayed response as 
the viscoelastic jet is stretched because of a net axial tensile force [416]. The jet 
acquires a concave profile, which can be described by a “catenary” solution [417]; 
and 4) as the collector speed is further increased relative to the jet speed (SC >> SJ), 
the catenary profile of the jet becomes more pronounced as the distance between the 
point of deposition and that directly below the spinneret increases, causing further 
stretching of the jet. This is accompanied by increased error because of the lag effect, 
if it is assumed that the optimal location of contact between the jet and the collector 
is directly below the spinneret for the development of a writing process. These 
results suggest that for a desired combination of melt electrospinning parameters, 
which may result in different fibre diameters, complex geometries and patterns can 
be “written” by matching the speed of the translating collector as close as possible to 
the jet speed. 
Figure 4.3B shows smooth direct writing over an area of 40 mm × 15 mm 
where the diameter of the fibre is approximately 20 μm. The smoothness of the 
pattern was achieved by setting the translational speed of the stage as close as 
possible to the deposition rate (0.5 m min
−1
 as determined from Figure 4.1C), 
compensating for acceleration and deceleration at turning points. The controllability 
and continuity of this process is demonstrated in Figure 4.3C, which shows the 
controlled layer-by layer deposition of fibres: where the same pattern is repeatedly 
laid down on top of itself ten times to create a 3D construct. 
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Figure 4.3. A) Schematic showing that the shape of the melt electrospinning jet profile is dependent 
on the speed of the collector (SC) relative to the jet speed (SJ). B) Direct writing of QUT IHBI logo 
using melt electrospinning. C) Ten layer 3D version of QUT logo. All scale bars 1 mm. 
One strategy adapted from established additive manufacturing (AM) methods 
(reviewed in detail by Woodruff and Hutmacher) [418], involves the definition of a 
“unit pattern” which can be written in successive additive layers to build up a 3D 
structure, suitable as a TE scaffold. An example is to write a series of parallel lines in 
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one direction, then for the next layer, orient these lines perpendicular to the layer 
before using a “woodpiling” technique [419]. However, considering the process 
involves writing with a continuous filament, one method to achieve parallel lines is 
to write a square wave pattern. Illustrated schematically in Figure 4.4A(1), each step 
in the square wave allows the jet to turn in between tracing successive parallel lines 
back and forth. The ability to change direction in such a manner requires deceleration 
of the collector towards the turning points, hence a reduced turning speed, and then 
acceleration up to the straight line collector speed. Figure 4.4A(2,3) demonstrate the 
importance of “matching” the step or turning speed (ST) to the straight line speed (SC) 
by showing three attempts to write (horizontal) parallel fibres using the square wave 
pattern represented in Figure 4.4A(1). 
In this case, the electrospinning conditions from Figure 4.1D, with flow 
rate/temperature combination of 5/80 (μL h−1, °C) were used, where the needle inner 
diameter was reduced to 0.337 mm (23 G). This demonstrates another method to 
further reduce the mass delivery rate, yielding fibres with an average diameter of 5 
μm. Reducing the temperature to 70 °C results in a further decrease in AFD to 
between 1 and 2 μm where collector speeds around 5 m min−1 are required to write 
straight lines. The automated stage was programmed to translate over an area of 10 
mm × 10 mm at 10 μm steps and a constant horizontal speed where, because of the 
increase in jet speed associated with reduced fibre diameter, SC = 3 m min
−1 
yields 
straight fibres. Only ST is varied. In Figure 4.4A(2), for ST = 0.1 m min
−1
, although 
this speed is significantly less than that required to draw the jet into a straight line, 
insufficient time is provided over the turning distance for the jet to respond to a 
change in direction before it is dragged back in the opposite horizontal direction. 
There is a delayed response to variations in the forces experienced by the jet because 
of its viscoelastic nature, combined with the lag effect described in Figure 4.3A. The 
result in Figure 4.4A(2) is that the jet never reaches the end of each parallel path as 
prescribed by the translation of the stage. In contrast, as shown in Figure 4.4A(3), ST 
= 0.002 m min
−1 
provides more time for the jet to respond to a change in direction 
than is required. The additional time allows buckling effects to take place, as seen at 
both ends of the fibrous pattern where randomly coiled fibres reduce the effective 
area of the desired pattern. There is also sufficient time for a secondary effect 
characteristic to electrospinning to prevail: coulombic repulsive forces between 
fibres result in a (lower frequency relative to the buckling frequency) pendulum 
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motion of the jet and further reduce the useful area of the square wave pattern [273]. 
This effect is illustrated at the top left corner of the patterns in Figure 4.4A(2,4), 
where the writing process is stationary and the area of random fibre deposition grows 
in a circular manner [235]. Figure 4.4A(4) demonstrates the results when SC and ST 
are matched. In this case ST = 0.005 m min
−1
 and the resultant fibrous pattern 
corresponds to the area prescribed. 
The matching ST will vary as SC changes. For example, using the same 
electrospinning conditions from Figure 4.1D, with the flow rate/temperature 
combination of 5/70 (μL h−1, °C) for another type of PCL (Mn = 80 000, Sigma–
Aldrich, Australia) causes an increase in resultant fibre diameter from 12.5 to 20 μm. 
The associated increase in molecular weight is accompanied by increased viscosity 
[420], where the jet provides greater resistance to being drawn by the electrostatic 
field and subsequently its speed is reduced. Therefore, the corresponding straight line 
collector speed SC = 0.5 m min
−1
 (Figure 4.1C) is slower, similar to the 50/70 (μL 
h
−1
, °C) case in Figure 4.1D. A reduced turning speed ST = 0.002 m min
−1
 was 
determined to match SC. 
The advantage of this slightly larger fibre diameter is that it more readily 
facilitates the fabrication of a scaffold with relevant thickness. In Figure 4.4B, fifty 
continuous layers of such parallel fibres were written in one orientation and then the 
pattern was rotated 90° and another fifty layers written. The straight line length of the 
pattern was increased to 30 mm so that the turning regions at each end of the pattern 
would not interfere with the area where the fibrous layers cross. This process allows 
the fabrication of a periodic lattice, with dimensions 10 mm × 10 mm in the central 
square, with a thickness of approximately 1 mm. 
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Figure 4.4. A) Schematic representing the programmed square wave pattern translated by x–y stage. 
PCL fibres drawn with constant straight line speed (SC) and turning speed (ST) varied at 2) 0.1, 3) 
0.002, and 4) 0.005 m min
−1
. Scale bar 1 mm. B) Photograph of a scaffold created using a square 
wave pattern with alternating series of layers oriented at 90°. Scale bar 1 mm. Scanning electron 
microscopy (SEM) images of C) the stacking and D) interweaving of fibres to form an array of 1 mm 
× 1 mm × 1 mm boxes. PCL scaffolds assembled with fibrous layers oriented at E) 90° and F) 60°. 
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Figure 4.4C demonstrates a similar amount of fibrous layers as in Figure 4.4B 
stacked directly on top of each other with precise control to create an ordered 
architecture approximately 1 mm thick, where electrostatic effects cause a loss of 
control over fibre deposition. Figure 4.4D shows a combination of interweaving and 
fusion between the fibres in Figure 4.4C which may improve the structural integrity 
of melt electrospun scaffolds. 
One limitation of using a square wave approach is that these curved turning 
paths may have a minimum diameter for a set of operating parameters, which in turn 
limits the achievable in plane pitch, i.e., the distance between successive straight 
fibres. This is because of the lag effect described in the previous square wave writing 
approach, combined with the delayed viscoelastic response associated with turning 
the path of the electrospinning jet, where the actual turning regions are curved rather 
than square as translated by the collector (Figure 4.5). 
 
Figure 4.5. SEM image showing the turning region when writing a square wave pattern. The lag 
effect, combined with the delayed viscoelastic response associated with changing the direction of the 
melt electrospinning jet are illustrated towards the top of the figure, where the actual turning regions 
are curved rather than square as translated by the collector. One limitation of using a square wave 
approach is that these curved turning paths may have a minimum diameter for a set of operating 
parameters, which in turn limits the achievable in plane pitch, i.e., the distance between successive 
straight fibres. As seen at the top of the figure, the turning paths overlap and appear random because 
the spacing between parallel fibres has been programmed below the diameter the jet requires to turn, 
in this case approximately 100 μm. The result is that the fibres begin to find common paths as they 
 177 
 
move away from the turning regions and begin to stack rather than lay down parallel to one another. 
Scale bar 1 mm. 
In order to overcome this effect, the fibre diameter can be reduced. Returning 
to the settings used in Figure 4.4A, 5 μm diameter fibres can be written in parallel 
with a minimum turning diameter of 60 μm. By writing successive layers oriented at 
90° and introducing a 20 μm offset per layer (so that the same path is traced by the 
stage after every sixth iteration), a lattice architecture represented in Figure 4.4E can 
be fabricated with control over fibre placement up to 300 μm in thickness. The result 
is a periodic structure with an apparent pore size of 20 μm. This strategy also helps to 
improve the interconnectivity of pores (rather than creating the “walls” of stacked 
fibres shown in Figure 4.4D which would provide a barrier to cell invasion), as there 
are five other fibres building up the thickness before the next fibre is written along 
the same path by the stage. To further improve pore interconnectivity, more layers at 
different orientations can be introduced into the lattice design. For example, in 
Figure 4.4F a similar process is followed to that described in Figure 4.4E, however, 
successive layers are oriented at 60° so that now eight fibres lie between the 
repeating fibres. 
Melt electrospinning is similar to other melt-based AM approaches where a 
filament is extruded continuously through an orifice. In AM approaches such as 
fused-deposition modelling (FDM), the final filament diameter is largely determined 
by the nozzle diameter (Table 4.2). For very small nozzle diameters (i.e., < 100 μm), 
the pressures required to achieve a suitable flow rate can be beyond those practically 
possible [93]. The addition of high voltage to this process characteristic to melt 
electrospinning enables the emerging filament to be drawn electrostatically, reducing 
the deposited fibre diameter by two orders of magnitude, thus offering significant 
improvements in filament resolution. Whereas in AM techniques such as FDM the 
achievable filament resolution is above 100 μm, requiring collection speeds generally 
less than 1 m min
−1
, in this work we have demonstrated that fibres with single 
micrometre resolution can be accurately located using collection speeds five times 
faster. 
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Table 4.2. Overview of various materials and processing parameters reportedly used in melt extrusion 
based additive manufacturing techniques, with corresponding minimum achieved filament resolution. 
Process Material Temp. 
[°C] 
Viscosity Pressure 
/ Force 
Delivery 
Rate 
Nozzle 
Inner 
Diameter 
[µm] 
Writing 
Speed 
[m min-1] 
Resolution 
[µm] 
3D Fibre 
Deposition[93] 
PEGT/PBT 
Block 
copolymers 
180-
200 
0.66-0.8 
dl g-1 
1.5-2 kN 
applied 
force 
0.2-0.4 
mm min-1 
150-350 0.3 250 
Air Pressure-
Aided 
Deposition 
System
[421]
 
PCL-PEG-
PCL 
copolymer[a] 
PEG: PCL: 
initiator 
(wt%) 0.01: 
2.50: 0.09 
60-65 21 x 103 
kg ms-1 
0.3 MPa - 500 0.6-1.2 150 
BioExtruder
[2
48, 422]
 
PCL[a] 70 - 6 bar Screw 
rotation 
velocity 
20-30 
rpm 
300 0.48-0.72 300-350 
Bioplotter 
System
[423-425]
 
PCL[b] 100-
130 
- 8.5 bar - 250 0.03-
0.035 
200-400 
FDM[25, 26] PCL[c] 125 - - Roller 
speed 
0.08 rps 
254 0.381 260 
FDM 
(Stratasys 
2000)[27] 
ABS (P400) 270 5100 Pas 
at 240 °C 
- - 300 - 508 
FDM 
(Stratasys 
3000)[28] 
PCL[d] - - 1.64 GPa 
at 
entrance 
of 
channel, 
atmosphe
ric at exit 
Volume 
flow rate 
2.69 x 10-
9 m³ s-1, 
exit 
velocity 
0.0096 m 
s-1 
250 - - 
Precision 
Extruding 
Deposition 
PCL[e], PCL-
HA 
90 - - - 250 1.2 250 
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(PED)
[336, 426-
428]
 
Precision 
Deposition 
System
[429, 430]
 
PCL[f], 
PLGA[g] 
85:15 
(lactide:glyc
olide), TCP 
blends 
80 
(PCL), 
130 
(PLGA
) 
- 250-650 
kPa 
- 200 2-4 200 
Note: 
[a]
 Mw = 50 kDa; 
[b]
 Mw = 37-80 kDa; 
[c]
 Mn = 80 kDa; 
[d]
 Mw = 20 kDa; 
[e]
 Mw 
= 44 kDa; 
[f] 
Mw = 65 kDa; 
[g]
 Mw = 50-75 kDa. 
4.6 CONCLUSIONS 
In conclusion, we were able to accurately deposit melt electrospun PCL fibres 
to create complex porous structures using an automated stage. Matching the 
translation speed of the collector to the speed of the melt electrospinning jet is the 
key factor which establishes control over the location of fibre deposition in order to 
write with a continuous line. We have demonstrated for the first time that melt 
electrospun fibres can consistently be laid on top of each other to create scaffolds in a 
manner comparable to many of the melt-extrusion based direct writing processes 
used in AM and, therefore, this direct writing method can be considered an addition 
to AM. However, in this case the filament resolution and fibre to fibre distances 
achievable are approaching sub-micrometre magnitudes. In this sense, MEW can be 
seen to bridge the gap between solution electrospinning and direct writing AM 
manufacturing processes. 
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5.1 ABSTRACT 
Melt electrospinning in a direct writing mode is a recent additive 
manufacturing approach to fabricate porous scaffolds for tissue engineering 
applications. In this study, we describe porous and cell-invasive poly (ε-
caprolactone) scaffolds fabricated by combining melt electrospinning and a 
programmable x–y stage. Fibres were 7.5 ± 1.6 µm in diameter and separated by 
interfibre distances ranging from 8 to 133 µm, with an average of 46 ± 22 µm. 
Micro-computed tomography revealed that the resulting scaffolds had a highly 
porous (87%), three-dimensional structure. Due to the high porosity and 
interconnectivity of the scaffolds, a top-seeding method was adequate to achieve 
fibroblast penetration, with cells present throughout and underneath the scaffold. 
This was confirmed histologically, whereby a 3D fibroblast-scaffold construct with 
full cellular penetration was produced after 14 days in vitro. Immunohistochemistry 
was used to confirm the presence and even distribution of the key dermal 
extracellular matrix proteins, collagen type I and fibronectin. These results show that 
melt electrospinning in a direct writing mode can produce cell invasive scaffolds, 
using simple top-seeding approaches. 
5.2 INTRODUCTION 
Interest in scaffolds for tissue engineering (TE) applications fabricated using 
additive manufacturing (AM) principles is continually increasing as crucial 
parameters can be systematically controlled. Scaffold thickness, filament diameter, 
pore size and interconnectivity required for cell invasiveness can all be altered in a 
broad range of morphologies [25, 246, 419, 431, 432]. One melt extrusion-based AM 
approach, namely fused deposition modeling (FDM), permits the accurate control of 
scaffold properties; however, the lower limit of filament diameter is restricted to 
approximately 100 μm due to the viscosity of the polymer melt being extruded 
through a small diameter orifice [8, 246]. Significantly lower filament resolutions can 
be achieved in a separate AM process using colloidal ink systems deposited in a 
direct writing mode [246, 419, 433, 434]. This approach uses colloidal systems to 
produce orderly substrates with fibre diameters between approximately 0.5 and 10 
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μm [246]. However, biomaterials need to be formulated into polyelectrolyte inks and 
significant manufacturing times are needed to manufacture the scaffolds [8]. 
The orderly structures of such AM produced scaffolds contrast with the non-
woven nanofibrous meshes produced by electrostatic drawing (electrospinning) 
[164]. Electrospun meshes demonstrate excellent in vitro compatibility; however, 
most meshes perform as substrates [105, 435-437], rather than scaffolds that permit 
cell infiltration, as they have pores sizes too small to allow cell invasion [8, 438-
440]. While there are reports of penetration into electrospun meshes, these are 
typically restricted to depths of less than 150 μm and complex and taxing strategies 
are needed to create open pores [1, 114, 441]. 
This importance of cell invasiveness has been recognised by many 
electrospinning researchers and has prompted investigation of approaches to produce 
cell-invasive scaffolds [442]. These include electrospinning onto ice crystals as they 
grow off a collector [85, 443], salt leaching [444], retrieving fibres collected onto 
water (hydrospinning) [79] and electrospinning onto patterned [77, 78, 445] and 
complex collectors through the use of needle-like probes attached to a flat collecting 
surface [54]. In addition, bimodal scaffolds have been recently described in which 
solution electrospinning is combined with larger scale fabrication techniques to 
increase the pore size [43, 62, 442, 446-448]. This emerging trend of bimodal 
scaffolds provides a straightforward approach to produce cell invasive scaffolds 
while utilising the benefits of sub-micron filaments. In another study, solution 
electrospinning was combined with melt electrospinning, to create a bimodal scaffold 
where the larger melt electrospun fibres combined with smaller solution electrospun 
fibres resulted in a 3D cell-invasive scaffold [62]. Melt electrospun meshes typically 
have diameters between 2 and 20 μm [4, 126, 164]. 
In addition to slightly larger fibres, the non-conductive and viscous electrified 
jet produced during melt electrospinning can be accurately deposited [121] making it 
suitable as a direct writing technique to produce scaffolds with accurately placed 
fibres stacked on top of each other [230, 231]. This process allows for scaffold pore 
size to be tailored, paving the way for better control over cell invasiveness. Melt 
electrospinning in a direct writing mode is therefore a new AM approach to produce 
orderly scaffolds for TE applications. 
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One area that can benefit from this new fabrication technique is the 
development of dermal substitutes. Early examples of dermal substitutes for 
formation of an in vitro skin equivalent have been reported using collagen gels [449-
451]. Bell et al. [450, 451] were able to demonstrate that collagen-based dermal 
substitutes supported keratinocyte differentiation; however, a fundamental limitation 
associated with the use of collagen is contraction of the gels [452]. This limitation 
has not gone unnoticed, with many studies carried out in an attempt to find 
alternative constructs [453-456]. One study conducted by Ng et al. [457] compared 
two commercially available collagen-based matrices with two non-collagen-based 
scaffolds, fabricated from both natural and synthetic polymers. While it was shown 
that three out of the four scaffold types were capable of supporting the formation of 
dermal-like tissue, it was noted that for the non-collagen based scaffold that 
supported tissue formation, the dermal fibroblasts were unable to completely 
infiltrate the scaffold structure, highlighting the importance of scaffolds that allow 
cell infiltration. 
This paper details melt electrospinning in a direct writing mode to produce 
scaffolds, which are cell invasive in vitro. We investigated the scaffold morphology 
with scanning electron microscopy (SEM) and micro-computed tomography (μ-CT), 
showing that the scaffolds’ pores are both interconnected and cell invasive, with 
excellent fibroblast infiltration after a simple top-seeding method and culturing under 
static conditions. Furthermore, we demonstrate that important dermal extracellular 
matrix (ECM) proteins are produced within the cell-scaffold construct via 
immunohistochemical methods. 
5.3 MATERIALS AND METHODS 
5.3.1 Scaffold Fabrication 
Melt electrospun scaffolds were fabricated based on a direct writing approach 
described in the previous chapter, where a translating x–y stage is used to collect the 
fibres [230]. Briefly, poly(ε-caprolactone) (PCL) (Perstorp, Mw = 50 kDa, Mn ∼ 83 
kDa) pellets were placed into a 2 mL luer lock syringe (B-Braun, Australia) and 
heated to 80 °C in an oven overnight to remove any air bubbles from the melt. A 
blunt 23 G needle acting as the spinneret was attached to the syringe and placed into 
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a water-circulating system heated to 78 °C. The PCL melt was then electrospun using 
a collector distance of 30 mm, a flow rate of 10 μL h−1 and a voltage of 10 kV 
applied to the spinneret. The combination of processing parameters was optimised to 
account for the reduced chain entanglements in the polymer compared to the PCL 
(Mw = 80 kDa) used in Chapters 3 and 4. In this case, Tm was reduced from 90 °C to 
78 °C, or else the fibres did not cool and solidify sufficiently over the 30 mm 
collector distance prior to deposition and began to spread non-uniformly on the 
collector. 
Writing with the PCL fibres was achieved by collecting on a grounded plate 
connected to a programmable x–y stage, controlled using Mach 3 software. A 
schematic of the electrospinning writing apparatus is shown in Figure 5.1A.  The 
programmed design (Figure 5.1B) consisted of interlaced diagonal lines at a 
translational velocity of 2.5 × 10
−2
 m s
−1
, which was looped four times for each 
scaffold. Scaffolds with randomly deposited fibres were prepared on an alternative 
inhouse built apparatus with a static collection stage [221], under comparable 
conditions. 
 
Figure 5.1. A) A schematic of the apparatus used to produce the melt electrospun scaffolds in a direct 
writing mode. B) The pattern used to program the x-y stage and produce the electrospun written 
scaffolds. The pattern length and height was 15 mm, and the red ring indicates approximately where 
the scaffolds were cut with a biopsy punch (Note: pattern is not drawn to scale). 
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5.3.2 Scaffold Characterisation 
Scaffolds were visualised using light microscopy (Zeiss, Axio Scope) prior to 
seeding cells. Images were recorded using Axio Vision software (version 4.8.2) at 
three positions along the z-axis and were then analysed using Image J (Version 1.45c, 
NIH) to determine both fibre diameter and interfibre distance, based on the 
maximum distance between fibres within a pore (10 measurements per image). From 
this, each scaffold was directly assessed in terms of fibre diameter and distance 
between fibres prior to in vitro experiments. An overall assessment of the scaffold 
was achieved using μ-CT (Xradia MicroXCT-400) where a representative sample 
was scanned at a resolution of 0.786 μm, 80 kV and an integration time of 50 s. 
Scaffold porosity was obtained by applying a bone morphometric analysis algorithm 
that determines the ratio of volume occupied by the scaffold fibres to the total 
volume scanned [458]. Optical images of the scaffold were taken on a Canon power 
shot A620 digital camera attached to a stereomicroscope (Stemi 2000C, Zeiss) fitted 
with a digital camera adapter (426126, Zeiss). 
5.3.3 Dermal Fibroblast Isolation 
Primary human dermal fibroblasts were isolated from surgical discards of 
consenting patients undergoing elective surgery. Ethics approval was obtained from 
the Queensland University of Technology’s Human Research Ethics Committee 
(EC00171) and associated hospitals, along with written informed consent from 
patients prior to undergoing surgery. In addition, the studies were conducted in strict 
accordance with the Declaration of Helsinki Principles. 
Dermal skin sections were comminuted and digested in a 0.05% collagenase 
solution (Gibco) overnight at 37 °C. Following digestion, the suspension was 
centrifuged at 400 g for 10 min before removing the supernatant and re-suspending 
the resulting cell pellet prior to transfer into a tissue flask. Fibroblasts were incubated 
in Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen, high glucose) 
supplemented with fetal calf serum (10%, FCS, Hyclone), penicillin, streptomycin 
and L-glutamine (all Invitrogen). Fibroblasts were maintained in a humidified 
atmosphere (5% CO2) at 37 °C with the medium refreshed every 3–5 days. All cells 
used were at P5. 
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5.3.4 Cell Seeding Onto Scaffolds 
Prior to cell seeding, 8 mm diameter circular scaffolds were prepared from the 
square scaffolds using a biopsy punch (Stiefel). Each scaffold was sterilised under 
UV irradiation for 20 min on each side and placed in a graded ethanol series (100%, 
90%, 70%) to pre-wet the scaffolds [459], followed by washing three times in 
phosphate buffered saline (PBS) before overnight incubation in medium (DMEM). 
Human dermal fibroblasts were seeded using a top seeding static method onto each 
scaffold (2 × 10
4
 cells/scaffold). Fibroblasts were seeded and maintained in DMEM 
(10% FCS) supplemented with 50 μg mL−1 ascorbic acid (Sigma Aldrich) for either 7 
or 14 days, with media replaced every alternate day. On completion, the scaffolds 
were fixed as described below and prepared for analysis; all scaffolds were 
visualised with immunofluorescence and SEM, while fibroblast infiltration was 
additionally assessed with histology. 
5.3.5 Immunofluorescence 
Cell-scaffold constructs were removed from the media, washed three times in 
PBS (containing Mg
2+
 and Ca
2+
) and fixed in 4% paraformaldehyde at 4 °C for 12 h. 
Constructs were removed from the fixative and the cells permeabilised in 0.2% 
Tween 20 for 75 min at room temperature (RT), and incubated in 1% bovine serum 
albumin for 1 h at 37 °C to block nonspecific binding. Between each step, the 
scaffolds were washed three times with PBS. Scaffolds were then probed for nuclei 
(propidium iodide, Sigma, 1 μg mL−1) and f-actin, (Alexa Fluor 488 phalloidin, 
Invitrogen, 200 U mL
−1
) by incubation in phalloidin for 20 min at RT,washed three 
times in PBS, followed by incubation in propidium iodide for a further 20 min at RT. 
Fluorescence images were captured using a Leica TCS SP5 confocal laser scanning 
microscope (Leica Microsystems, Wetzlar, Germany) at λEx 495 and λEm 535 for 
visualisation of f-actin, λEx518 and λEm 617 for nuclei, and λ458 in reflectance 
mode for visualisation of the scaffold fibres. Images were collected along the z-axis 
of the scaffold at 1.5 μm intervals and then merged together to give a projected 3D 
representation. 
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5.3.6 Scanning Electron Microscopy 
Cell-scaffold constructs were fixed in 3% glutaraldehyde in 0.1 M cacodylate 
buffer at 4 °C for a minimum of 12 h prior to SEM analysis. After fixation the 
constructs were placed into 0.1 M cacodylate buffer (2 × 10 min), osmium tetroxide 
(1 h) and ddH2O (2 × 10 min) before dehydration in graded ethanol series (50% 2 × 
10 min, 70% 2 × 10 min, 90% 2 × 10 min, 100% 2 × 15 min) and final immersion in 
hexamethyldisilazane (2 × 30 min). Constructs were allowed to dry for 2 h, then 
mounted onto stubs, and left overnight to ensure complete removal of solvent. 
Constructs and blank scaffolds were gold sputter-coated for SEM visualisation (FEI 
Quanta 200 Environmental SEM) using an accelerating voltage of 10 kV. 
5.3.7 Histology and Immunohistochemistry 
Cell-scaffold constructs were fixed in 4% PFA at 4 °C for a minimum of 12 h. 
To facilitate infiltration of the OCT (optimal cutting temperature) embedding media 
(Tissue-Tek) and reduce possible ice crystal formation, the constructs were placed in 
a series of solutions (20% sucrose, 40% sucrose, 40% sucrose/20% OCT, 20% 
sucrose/60% OCT; in PBS, 2 h each) before finally being placed in 100% OCT (2 h) 
and frozen in liquid nitrogen. Samples were sectioned using a cryostat (Leica) at −20 
°C, with 5 μm sections collected on Superfrost Plus R® (HD Scientific) microscope 
slides. Following sectioning, the cell scaffold constructs were stained using 
hematoxylin and eosin (both HDS Scientific). Briefly, sections were washed in PBS 
followed by staining with Harris’ hematoxylin for 10 min, and eosin for 5 min. 
Samples were then dehydrated, and mounted with cover slips using PERTEX 
mounting medium. Sections of the cell-scaffold constructs were stained for the 
production of dermal ECM proteins collagen type I and fibronectin. Following 
cryosectioning, sections were washed in PBS, and non-specific binding was blocked 
using 1% BSA in PBS/0.1% Tween 20. Primary antibodies were diluted in 1% 
BSA/PBST and incubated on the sections for 2 h at RT. Primary antibodies used 
were monoclonal mouse anti-human collagen type I (MP Biomedicals, 1:1000) and 
monoclonal mouse anti-human fibronectin (BD Biosciences, 1:500). Antibody 
detection was performed using the Mach4 Universal HRP polymer detection kit 
(Biocare Medical). Following incubation with the primary antibodies, sections were 
incubated with horseradish peroxidase (HRP)-conjugated antimouse secondary 
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antibodies for 15 min at RT (Biocare Medical). HRP was detected using 3,3'-
diaminobenzidine tetrahydrochloride (DAB, BiocareMedical) through formation of 
brown pigmentation. Sections were then counterstained with hematoxylin, 
dehydrated and mounted with coverslips using PERTEX. 
5.4 RESULTS AND DISCUSSION 
5.4.1 Scaffold Characterisation 
Melt electrospun scaffolds were prepared using two different methods. One 
was to prepared scaffolds containing randomly deposited fibres with the use of a 
static collector, while the other method used a collector attached to a movable x–y 
stage for melt electrospinning in a direct writing mode. An illustration of the x–y 
stage and melt electrospinning apparatus is shown in Figure 5.1, as well as with the 
interlaced diagonal line program for movement of the stage. This pattern was 
explored as another strategy to minimise the turning error effects described in the 
previous chapter, while at the same time improving the efficiency of the MEW 
process by minimising the time the jet spent turning. With each change in direction 
the paths of two adjacent fibres would diverge and potentially avoid unwanted fibre 
stacking. The simple method of moving the collector results in scaffolds with straight 
fibres and periodic placement when compared with scaffolds prepared onto a static 
collector as indicated by the SEM images in Figures 5.2A and 5.2B, respectively. 
Video footage capturing scaffold fabrication in a direct writing mode is shown in the 
supplementary movie S1 available at stacks.iop.org/BF/5/025001/mmedia. 
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Figure 5.2. Scanning electron microscopy of PCL scaffolds comparing fibre morphology and 
orientation for melt electrospun scaffolds via: A) direct writing, evidence of fused fibres indicated by 
the arrows in the insert (scale bar = 50 μm); and B) static conditions. 
Based on the parameters used for fabrication of the scaffolds, the manufacture 
time per scaffold was approximately 120 min. While this fabrication time may seem 
lengthy, given that this technology is in its infancy, future iterations, such as multiple 
spinnerets, may increase throughput. The straight fibre morphology is dependent on 
the translational speed of the collector, whereby straight fibres can be obtained if the 
collector is translated at or faster than the speed of the depositing viscous jet [230]. 
In this case, the translational speed of 2.5 × 10
−2
 m s
−1
 resulted in the fibre 
morphology seen in Figure 5.2A. Irrespective of the mode of collection, the fibres 
were smooth and defect-free and exhibited good interconnectivity between pores. 
Evidence of fibre fusion in the direct written scaffolds is shown in Figure 5.2A 
insert. While fusion did not occur at all fibre junctions, similar results have 
previously been shown at a comparable collection distance [126], as degree of fibre 
fusion is due to the rate at which the molten polymer jet cools prior to collection. 
Fibre diameter and pore size (interfibre distance on the same layer) were 
determined from SEM and optical microscope imaging, followed by analysis using 
Image J software. For both static and written scaffolds the fibre diameters were 
similar, namely, 6.8 ± 0.6 μm (average ± SD) for the static method and 7.5 ± 1.6 μm 
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for the written approach (p = 0.05). In contrast, the pores were 16 ± 6 μm in size for 
the scaffolds prepared on the static collector compared with 46 ± 22 μm for the 
written scaffolds (p < 0.001). The distribution of fibre diameters and pore sizes for 
the electrospun scaffolds are shown in Figure 5.3. When electrospinning onto a static 
collector, increasing the fibre diameter leads to a corresponding increase in pore size 
due to the interdependent relationship between these two parameters [274]. By 
accurately placing the fibres, with the aid of direct writing, the average pore size of 
the melt electrospun mesh was further increased without increasing the fibre 
diameter. Figure 5.4 demonstrates a scaffold with more uniform thickness and no 
fibre stacking compared to Figure 4.4B in Chapter 4, where a square wave writing 
approach was used. However, although this diagonal line geometrical design 
approach reduced the turning time from the optimised parallel fibre approach used in 
Figure 4.4E and F in Chapter 4, there was an increased relative distribution of pore 
size, which ranged from 10 to 130 um in this case. Furthermore, similarly to 
nonwoven mesh, a consistent pore shape was not established throughout the scaffold. 
Figure 5.3. Frequency histograms for electrospun written scaffolds showing: A) fibre diameters 
ranging from 4.1 μm to 12.8 μm with an average diameter ± SD of 7.5 ± 1.6 μm; and B) the inter-fibre 
distance ranging from 8 μm to 133 μm, with an average of 46 ± 22 μm (n = 30). 
In addition to SEM analysis, optical imaging of a representative scaffold 
(Figure 5.4A) shows the long-range order obtainable using direct writing. The 
scaffolds could be readily handled without folding or breaking, although pressure 
from forceps can deform the scaffold (top of scaffold, Figure 5.4A). Furthermore, the 
scaffolds could be analysed via CT methods and Figure 4.4B shows a μ-CT 
micrograph of a representative scaffold.  
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Figure 5.4. Visualisation of a melt electrospun scaffold produced in a direct writing mode 
with: A) optical; and B) µ-CT methods. 
Orderly stacking of the fibres was shown, with a morphology not dissimilar to 
μ-CT imaging of FDM scaffolds [460], except that the fibre dimensions reported 
here are an order of magnitude smaller (7.5 ± 1.6 μm compared to ca 100 μm for 
FDM). With continual improvements in imaging technology, CT resolutions of less 
than 1 μm are now obtainable, making CT a viable characterisation technique for 
scaffolds fabricated by electrospinning with low micron diameter fibres. In addition 
to 3D visualisation, μ-CT enabled the calculation of scaffold porosity at 87%, which 
is similar compared to electrospun scaffolds previously reported [1]. Traditionally 
the porosity of electrospun scaffolds has been determined through mercury 
porosimetry or gravimetrical methods [461]; however, these have limitations as the 
calculations are based on applied assumptions [462] while the pressure applied 
during porosimetry measurements can cause samples to collapse [460]. A movie 
capturing 3D visualisation of the direct written scaffolds through μ-CT analysis is 
shown in the supplementary movie S2 available at 
stacks.iop.org/BF/5/025001/mmedia. 
5.4.2 Evaluation of Dermal Fibroblast Infiltration 
Seeding of dermal fibroblasts onto the PCL scaffolds was accomplished using 
a simple static top seeding method to examine the interactions and infiltration of the 
cells into the scaffolds. After 7 and 14 days in vitro the constructs were characterised 
with confocal microscopy, SEM and histology. Fibroblasts grown on 2D glass cover 
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slips (Figure 5.5A) and the electrospun written scaffold after 7 days in vitro (Figure 
5.5B) displayed typical elongated morphology; this was more pronounced when the 
fibroblasts were grown on the electrospun written scaffold.  
 
Figure 5.5. Scanning laser confocal microscopy of fibroblasts on: A) a glass cover slip; and the 
electrospun written scaffolds following B) 7 and C) 14 days. The white arrows in B) show fibroblast 
migration along the fibres and the yellow arrows show spreading across scaffold voids. Regions 
within the scaffold of high and low fibre intersections/density and corresponding high and low 
fibroblast density are shown by the red and blue circles, respectively. Cell-scaffold constructs were 
stained with phalloidin (green) and propidium iodide (red), for visualisation of actin filaments and 
nuclei, respectively. 
After 7 days in vitro, fibroblasts spanned across both the pores and fibres of the 
scaffold, as indicated in Figure 5.5B by the yellow and white arrowheads, 
respectively. Previous studies using FDM scaffolds have shown that initial cellular 
attachment occurs at points of intersecting fibres [25, 463, 464], from where the 
attached cells migrate outward. This is also reflected in this study (Figure 5.5B), 
where an increase in fibroblast density is seen in regions with a greater proportion of 
intersecting fibres (red circle), compared to regions with a lower proportion of 
intersecting fibres (blue circle). After 14 days in vitro, the scaffold surface was 
completely covered by fibroblasts (Figure 5.5C). Fibroblasts also bridged between 
adjacent scaffold struts, with interfibre distances ranging from 8 to 133 μm. Studies 
carried out by Sun et al. [465] have previously shown dermal fibroblasts that are able 
to bridge distances up to 200 μm following 14 days in vitro. Fibroblast attachment to 
the scaffold shown in Figure 5.5B highlights the scaffold dimensions achieved, 
concerning fibre diameter and pore size, are on a scale that is in relation to the size of 
the fibroblasts. The obtained fibre diameters and pore sizes have allowed the 
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fibroblasts seeded on the scaffolds to ‘view’ and interact with them as a true 3D 
construct rather than a flat substrate. 
The top, underside and cross-sections of the cell-scaffold constructs were 
evaluated for fibroblast infiltration using SEM. After 7 days in vitro, dermal 
fibroblasts had covered substantial areas of both the top and underside of the scaffold 
(Figures 5.6A and 5.6B), while the cross-section (Figure 5.6C) shows ECM 
deposited through the entire thickness of the scaffold. Figure 5.6D clearly shows 
cellular anchorage to the fibres, indicated by the arrows, and fibroblasts spanning 
across scaffold pores both laterally and through the scaffold thickness (z-axis). Due 
to the interfibre distance of the scaffolds relative to the size of the fibroblasts, during 
seeding it was expected that some cells would pass through the pores. As a result, 
initial cell attachment would occur throughout the thickness of the scaffold, and 
therefore some attachment on the bottom side of the scaffolds in addition to the top. 
 
Figure 5.6. Fibroblast infiltration of the electrospun written scaffold after 7 days was assessed via 
SEM. Micrographs show fibroblasts present on the: A) top side; B) underside; and C) within the 
thickness of the scaffold; with D) a magnified image of C). The arrows in D) indicate points of 
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fibroblast attachment and anchorage to the PCL fibres. The image shown in D) represents the 
highlighted scaffold segment in C). 
Figures 5.6C and 5.7C compare cross-sections of the constructs following 7 
and 14 days in vitro, respectively, where an increase in the amount of ECM 
deposited between the two time points was evident. This confirms the infiltration of 
dermal fibroblasts throughout the entire thickness of the scaffold, and suggests 
cellular proliferation with increased incubation period. Figure 5.7A shows an SEM 
image of a continuous cell layer on the upper surface of the construct after 14 days, 
thereby supporting the immunofluorescence results Figure 5.5C. 
 
Figure 5.7. Fibroblast infiltration of the electrospun written scaffold after 14 days was assessed via 
SEM. Micrographs show fibroblasts present on the: A) top side; B) underside; and C) within the 
thickness of the scaffold. The arrows in C) indicate points of fibroblast attachment to the PCL fibres. 
The scaffolds reported within this study were fabricated by melt 
electrospinning, though the attraction of solution electrospun scaffolds for TE 
applications stems from the ability to produce nanofibers that hypothetically mimic 
the structural component of ECM [37]. However, nanofibers may not be as 
advantageous as microfibres for cell attachment, as previous studies have shown 
enhanced cellular proliferation on micron-sized fibres compared to nanofibers [40-
43, 466]. Interestingly, Chen et al. [42] found that for nanofibers, as fibre diameter 
increased, cellular adhesion and proliferation decreased but remained constant when 
fibre diameter was altered within the micron range. Furthermore, micron-scaled 
structures are an important element in bimodal scaffolds, where nanofibrous 
elements are combined with larger ones [62]. 
Fibroblast infiltration, in addition to SEM analysis, was assessed via 
histological methods on the cell-scaffold constructs after 14 days in vitro. A cross-
section of the constructs stained with hematoxylin and eosin (H&E) shown in Figure 
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5.8A revealed the presence and infiltration of cells throughout the scaffold. The 
expansion in Figure 5.8B shows the presence of fibroblast nuclei through the entire 
thickness of the scaffold, indicated by the black arrows. Round polymer fibre cross-
sections (indicated by the yellow arrows) were evident throughout the scaffold and 
were coated with increased amount of cellular components due to the cells using the 
struts as their initial attachment points. In the continual pursuit to create scaffolds for 
TE applications, a key issue for consideration is the ability to obtain homogenous 
cellular colonisation required to ultimately cultivate reconstructed tissue [78], a result 
which has been shown in the presented data. 
 
Figure 5.8. H&E and immunohistochemical staining of the cell-scaffold constructs after 14 days. 
H&E staining of A) the entire scaffold and B) an expansion. Fibroblast nuclei were found through the 
entire thickness of the scaffold as indicated by the black arrows (B). The yellow arrows show PCL 
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fibres within the stained section. Immunohistochemical staining for C) collagen type I and D) 
fibronectin. Staining for collagen type I and fibronectin showed both ECM proteins were deposited by 
the fibroblasts throughout the thickness of the scaffold. 
A future goal for these PCL scaffolds is their use as a dermal component in the 
development of an in vitro skin model. In the quest to tissue engineer a dermal 
substitute, in addition to cellular infiltration of the scaffold material, production and 
deposition of ECM is a crucial requirement. While dermal ECM is comprised of 
many constituents, the main structural ECM molecule is collagen, with type I the 
most abundant within the dermis. In addition, fibronectin is a key dermal ECM 
molecule. Immunohistochemical analysis of the cell-scaffold constructs after 14 days 
in vitro for collagen type I and fibronectin shown in Figures 5.8C and 5.8D 
respectively, confirm the presence of both of these dermal ECM proteins. Both were 
distributed throughout the thickness of the scaffold, with the greatest density of 
collagen seen underneath the cells in the upper part of the construct. Negative 
controls for both collagen and fibronectin, in which their primary antibody 
incubation was replaced with the blocking solution, did not show presence of the 
brown DAB precipitate (data not presented). 
For an in vitro model to successfully mimic the functions of native skin, the 
formation of a basement membrane is crucial [467-469]. In vitro skin models 
currently detailed within the literature commonly use collagen gels [470, 471] or 
alternatively de-epidermised dermis as the dermal component [472], since it retains 
the native basement membrane. When collagen gels have been used, the gels are 
seeded and conditioned with fibroblasts, onto which keratinocytes are subsequently 
seeded. This approach has been shown to achieve adequate separation between the 
dermal and epidermal layers, resulting in creation of the basement membrane in 
vitro. Formation of the fibroblast sheet on the seeded surface of the scaffold in the 
present study, in conjunction with the presence of collagen type I and fibronectin, 
displays the initial step of dermal layer formation, and a surface for subsequent 
seeding of keratinocytes. It is noteworthy that no evidence of scaffold contraction 
was observed after seeding the melt electrospun materials with fibroblasts, which 
may give them an advantage over substrates for which contraction can be a problem. 
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The ability to combine melt electrospinning and direct writing allows the 
fabrication of scaffolds with control over fibre diameter through manipulation of 
electrospinning variables [230], as well as control over fibre placement and therefore 
scaffold design. These factors increase the number of potential TE applications for 
scaffolds fabricated using this combination. The ability to produce aligned fibres as a 
way of directing cell growth has been shown to be successful in the engineering of 
blood vessels [55] as well as in peripheral nerve regeneration [473]. Additionally, 
such an approach can be used in the design and fabrication of tubular scaffolds, 
whereby parameters such as fibre diameter, the number of fibres and the fibre 
winding angle can be used to control scaffold features such as pore size and porosity 
[231]. 
Fibroblast attachment and infiltration throughout the thickness of the scaffolds 
indicate that direct written scaffolds are true 3D structures. TE scaffolds are often 
prepared by techniques such as particle leaching, thermal induced phase separation, 
electrospinning or various solid freeform (SFF) fabrication techniques [8], with the 
fabrication method dependent on the desired end application. At one end of the 
spectrum are nano-scale scaffolds, solution electrospun mats, which could be 
regarded as a textured 2D substrate. As the resulting pore sizes of these scaffolds 
restrict cell infiltration, cell migration occurs across the surface rather than by 
infiltration into the scaffold. At the other end of the spectrum are micron-scale SFF 
scaffolds, for which it could be similarly suggested that cells ‘see’ these scaffolds as 
curved 2D surfaces since these scaffold struts are, in general, an order of magnitude 
in size larger than the cells themselves. The results reported here show that 
fabrication of a scaffold that fills the void between the current nano- and micron-
scale scaffolds allows fibroblasts to attach to and infiltrate though the electrospun 
written scaffolds, both in a lateral and vertical direction, producing a true 3D 
fibroblast-scaffold construct. This result is due to the fibre diameter and interfibre 
distance arrangement that can be produced through combining melt electrospinning 
with direct writing. 
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5.5 CONCLUSIONS 
The current study uses melt electrospinning in combination with direct writing 
for the preparation of PCL scaffolds with micrometre sized fibres (7.5 ± 1.5 μm 
diameter) and interfibre distances suitable to allow cellular infiltration (46 ± 22 μm). 
Melt electrospun PCL fibres collected via a programmable x–y stage resulted in the 
fibres being linearly placed, as confirmed by both electron microscopy and 
microcomputed tomography. The electrospun written scaffolds were subsequently 
seeded and incubated with dermal fibroblasts, and cellular infiltration as well as 
ECM production was assessed through immunofluorescence, electron microscopy, 
histological and immunohistochemical evaluation. These results showed fibroblast 
infiltration throughout the scaffold, with H&E staining of the cell-scaffold constructs 
confirming fibroblast nuclei present, along with the production of the key dermal 
ECM proteins, collagen type I and fibronectin, through the entire thickness of the 
scaffold. While the PCL scaffolds shown here are currently being investigated for TE 
of skin, demonstration of a true 3D cell-scaffold construct developed through the 
electrospinning writing of polymers, and more importantly control over scaffold 
design, paves the way for precision-made scaffolds. The real utility of melt 
electrospinning in a direct writing mode is that it produces porous scaffolds on a 
scale that fills the current research gap between solution electrospinning and many of 
the conventional AM techniques. 
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6.1 ABSTRACT 
Flexible tubular structures fabricated from solution electrospun fibres are 
finding increasing use in tissue engineering applications. However it is difficult to 
control the deposition of fibres due to the chaotic nature of the solution 
electrospinning jet. By using non-conductive polymer melts instead of polymer 
solutions the path and collection of the fibre becomes predictable. In this work we 
demonstrate the melt electrospinning of polycaprolactone in a direct writing mode 
onto a rotating cylinder. This allows the design and fabrication of tubes using 20 μm 
diameter fibres with controllable micropatterns and mechanical properties. A key 
design parameter is the fibre winding angle, where it allows control over scaffold 
pore morphology (e.g. size, shape, number and porosity). Furthermore, the 
establishment of a finite element model as a predictive design tool is assessed against 
mechanical testing of melt electrospun tubes to show that a lesser winding angle 
provides improved mechanical response to uniaxial tension. In addition, we show 
that melt electrospun tubes support the growth of three different cell types in vitro 
and are therefore promising scaffolds for tissue engineering applications. 
6.2 INTRODUCTION 
Tubular scaffolds fabricated from electrospun fibres are finding increasing use 
in tissue engineering (TE) applications, including vascular [70, 474-483] (reviewed 
in detail by Naito et al.), neural [484-486] (reviewed in detail by Bell et al.) and 
more recently growth factor delivery [438, 487-490]. Typically, solution electrospun 
fibres are collected as thin non-woven meshes [1], which has limited their application 
because the small pore sizes and compromised interconnectivity associated with the 
random layering of sub-micron diameter fibres acts as a barrier to rather than 
promotes cell infiltration and subsequent vascularisation [40]. 
For the design and fabrication of tubular scaffolds, control over both the 
microscopic and macroscopic structure should be reflected in cellular and 
mechanical responses at varied anatomic locations and biological environments [2]. 
For example, differences in pressure-dependent mechanical properties between 
native arteries and artificial grafts induce hydrodynamic flow disturbances and stress 
concentrations, thereby causing tissue damage as well as impairing cellular function, 
illustrating the need to match compliance of a designed artificial graft with a small-
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diameter artery [479]. Whereas rigid nerve guides used in neural TE may cause 
inflammation due to the stresses exerted by movement, electrospinning allows the 
fabrication of flexible microfibre and nanofiber guides from the same materials 
[484]. In bone regeneration, the presence of a solution electrospun tubular scaffold 
promotes mineralised matrix synthesis, prevents extra-anatomical mineralisation, and 
guides an integrated pattern of bone formation during osteogenic protein delivery in 
the functional repair of large bone defects in rats [488]. Scaffold morphology which 
has been studied in terms of tissue growth includes pore size and, more recently pore 
geometry. Pore size affects cellular activities such as pore spanning (with this ability 
varying depending on cell type), and the spatial organisation of cells within pores. 
Cell number can also be affected, where a larger pore size often leads to a reduced 
surface area to volume ratio which then affects cell attachment and proliferation. The 
effect of pore geometry on tissue growth, such as the influence on tissue orientation 
and the pattern of tissue growth within pores has been investigated to a lesser extent 
[491]. 
What makes this area a particularly promising one is that electrospinning 
makes it possible to fabricate flexible microfibre and nanofiber tubular scaffolds 
from polymeric materials, using a broad range of controlled morphologies. In the 
majority of cases rotating devices are used to fabricate electrospun fibrous tubes. 
However it is difficult to accurately control fibre arrangements due to the inherent 
chaotic nature of the electrified jet in solution electrospinning. Although there are 
approaches for the organised deposition of fibres reported in the literature [2, 57, 72, 
78, 412], there still remains considerable difficulties in fabricating fibrous tubes with 
controllable micropatterns [77]. Added to this, charge accumulation effects on 
solution electrospun fibres tend to restrict the amount of layers which can be 
collected and remain bound as one coherent structure [36]. As an alternative to 
solution electrospinning, melt electrospinning permits improved control over the 
location of fibre deposition and avoids technical difficulties and cytotoxicity 
concerns associated with the removal and the presence of residual of solvent [57, 
126]. 
In contrast, our group has shown most recently that scaffolds with a thickness 
of up to 10 mm can be designed and manufactured with controlled architectures in a 
direct writing mode, demonstrating that melt electrospun fibres can be readily placed 
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on top of each other, as the deposited fibres have minimal residual charge [230]. In 
this work, we demonstrate melt electrospinning in a direct writing mode onto a 
rotating cylindrical collector. This allows the design and fabrication of tubular 
scaffolds of any size using micron diameter fibres, with controllable microscopic and 
macroscopic architectures and mechanical properties. A key design parameter is the 
fibre winding angle, which allows control over scaffold pore morphology (e.g. size, 
shape, number and porosity) and influences the mechanical properties of such a tube. 
Furthermore, we establish a finite element (FE) model which can be used as a 
predictive design tool, where in this case the simulated response to uniaxial loading 
of simplified tubular structures varies when the fibre angle is altered. This response 
is assessed against mechanical testing results of fabricated electrospun tubes. We 
further show that the electrospun tubes support the growth of three different cell 
types in vitro and are therefore promising scaffolds for TE applications. 
6.3 MATERIALS AND METHODS 
6.3.1 Experimental Materials 
Poly(ε-caprolactone) (PCL) with MW = 50 kDa was kindly supplied by 
Perstorp, UK Ltd. (United Kingdom) and used as received. The superior rheological 
and viscoelastic properties within the group of aliphatic polymers makes PCL the 
polymer of choice to be applied during the development of scaffolds based on melt 
extrusion processes. Coupled with relatively inexpensive production routes and FDA 
approval, this provides a promising platform for the production of longer-term 
degradable and biocompatible implants which may be manipulated physically, 
chemically and biologically to possess tailorable degradation kinetics to suit a 
specific anatomic site as reviewed in detail by Woodruff and Hutmacher [418]. 
6.3.2 Fabrication of Tubes 
6.3.2.1 Melt Electrospinning 
PCL pellets were loaded into a plastic Luer-lock 3 mL syringe (B-Braun, 
Australia). The syringe was placed in a custom glass water jacket housing (Labglass, 
Australia) through which heated water at 78 °C was circulated using a recirculating 
water tank (Ratek, Australia). The syringe was heated for 1 h to provide a 
homogenous polymer melt. A 21 G hypodermic needle (Becton–Dickinson, 
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Australia) with the tip flattened was attached to the syringe to be used as the 
spinneret. The feeding rate of the polymer melt in the syringe was controlled at 50 
μL h-1 using a programmable syringe pump (World Precision Instruments, USA). A 
high voltage (Emco High Voltage Corporation, USA) of 12 kV was applied to the 
needle and the distance between the tip of the needle and the rotating collector was 
40 mm. 
6.3.2.2 Single Fibre Production 
To produce single melt electrospun fibres, the electrospinning settings 
described above resulted in an AFD of 60 μm. The fibres were collected on a flat 
collector translating at 250 mm min
-1
 to draw them into a straight line. 
6.3.2.3 Tube Winding 
A 6 mm outer diameter brass tube connected to a stepper motor to provide 
rotation was used as a grounded collector, mounted on top of a linear slide (Velmex 
Inc., USA) to provide lateral translation in one direction. Custom translation patterns 
were written in G-code and controlled using Mach3 motion control software (Artsoft, 
USA). Different combinations of lateral translation and rotation speeds of the tube 
resulted in a varied effective tangential vector, comprised of a winding speed and 
winding angle (i.e. the angle between the fibre direction and the axis of mandrel 
rotation). Table 6.1 shows that different combinations of rotational and translational 
speed could be used in order to achieve a desired effective winding angle. Two cases 
are shown to achieve angles of 30, 45 and 60°. In case 1 the translation speed is held 
constant, while in case 2 the rotational speed is fixed to maintain a constant 
tangential speed. In each case, the stage was programmed to translate back and forth 
700 times to create 700 fibre pairs, so that there was a sufficient structure for 
subsequent mechanical testing. Five samples were fabricated for each case shown in 
Table 6.1. By automating the process, batches of five tubes were wound on the same 
collector using constant electrospinning parameters. Prior to mechanical testing, each 
sample was weighed using an AUW220D UniBloc Balance (Shimadzu, Australia). 
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Table 6.1. Parameters used to fabricate melt electrospun tubes with different winding angles. 
Case 
Trans-
lational 
speed 
[mm 
min-1] 
Effective 
trans-
lational 
speed 
[mm min-
1] 
Number of 
collector 
rotations / 
translations 
Tangential 
speed [mm 
min-1] 
Resultant 
vector 
speed 
[mm min-
1] 
Effective 
resultant 
vector 
speed 
[mm min-
1] 
Actual 
winding 
angle [º] 
Effective 
winding 
angle [º] 
Measured 
winding 
angle [º] 
1a 3500 637 0.306 368 3519 735 6 30 29.3 ± 2.3 
1b 3500 637 0.531 637 3557 901 10.3 45 45.4 ± 2.2 
1c 3500 637 0.919 1103 3670 1274 17.5 60 58.3 ± 3.0 
2a 6062 1102 0.306 637 6095 1273 6 30 29.1 ± 2.8 
2b 3500 637 0.531 637 3557 901 10.3 45 41.1 ± 4.8 
2c 2021 368 0.919 637 2119 735 17.5 60 59.0 ± 2.8 
6.3.3 Mechanical Testing 
Mechanical testing of single fibres in tension, as well as tubes in tension and 
compression was undertaken. An Instron 5848 Micro Tester with a 5 N load cell 
(Instron, Norwood, MA) was used to apply static forces. The rigid load frame was 
configured vertically to suit each testing case, with the set up consisting of mounted 
grips or plates to fix the specimens between the base beam and the movable actuator 
[492]. In each tube testing case, displacement was applied and the reaction force 
measured by the 5 N load cell recorded using Instron WaveMaker Runtime 32 
software (Instron, Norwood, MA). Single melt electrospun fibres were placed 
between air pressure grips separated by 10 mm and extended up to 225% at a 1% s
-1
 
rate at room temperature (RT) (n = 10) [275]. Compression and tension tube tests 
were performed for cases 1a–1c, by applying 10% deformation with a strain rate of 
1% s
-1
 (n = 5) [275]. For tensile testing of tubes, small plastic 6 mm diameter 
cylinders (2 mm thick) were glued to the top of modified syringe plungers for 
fixation to air pressure grips in the Instron Micro Tester (Figure 6.6). Each end of a 
tubular sample was bonded using epoxy glue to a fixation cylinder and then mounted 
in the Micro Tester using compressed air clamps. For compression, tubular samples 
were placed between a flat plate and a 10 mm diameter cylinder mounted on the 
moving actuator, so that the axis of the tube was in line with the central axis of the 
moving actuator. 
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6.3.4 Characterisation 
For morphology observation, scaffold surfaces were sputter coated with gold (a 
10 nm thick layer) using a Leica Microsystems EM SCD005 (Germany) and 
scanning electron microscopic (SEM) examination carried out using an FEI Quanta 
200 Environmental SEM (Netherlands) at an accelerating voltage of 10 kV. Images 
were prepared and processed using Corel DRAW X4 and PHOTO-PAINT X4 (Corel 
Corporation, Australia) and Adobe Photoshop and Illustrator CS4 (Adobe Systems 
Incorporated, Australia) using image auto-adjust functions. For fibre diameter 
measurements, five images were taken at randomly chosen locations for each 
winding angle case. Images were imported into ImageJ 1.41 software (NIH, USA) 
and ten fibre diameter measurements taken for each fibre orientation. Similarly on 
these images, for pore size measurements a polygon was drawn along the edges of 
four intersecting fibres to define the outer bounds of a void (or pore) created by the 
fibres [491]. For porosity measurements, a middle 3 mm section of each tubular 
sample was analysed using micro computed tomography (μ-CT). Specimens were 
scanned on a Scanco μCT40 (Scanco Medical AG, Switzerland) at 6 μm resolution, 
employing 55 kV and 145 μA with 500 ms integration time. After segmentation, a 
bone morphometric analysis algorithm was used to calculate porosity as the ratio of 
the material volume to the total volume scanned. The mean of measured values, 
standard error of the means, and differences between the means (using one-way 
ANOVA with the assumption of normally distributed data) were then calculated 
using PASW Statistics 18 software (SPSS Inc., USA). Optical images of tubes and 
experimental conditions were taken using a Canon EOS 450D digital single lens 
reflex (DSLR) camera with a Canon EF-S 17-85 mm USM lens (Canon.Inc, 
Australia). 
6.3.5 Finite Element Modeling 
6.3.5.1 Preparation of Model for Mechanical Testing Simulation 
Tube geometry was prepared in ANSYS
®
 Mechanical APDL, Release 12.1 
(ANSYS Inc., USA). To simulate the winding process, helical lines were created in 
pairs representing one back and forth translation of the rotating mandrel on which 
electrospun fibres were collected. Each fibre pair originated at the same location, 
with one helix line directed clockwise and the other counter clockwise. For 
computational efficiency, ten fibre pairs were distributed equally around the 
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circumference of a 6 mm diameter circular base (assuming equally distributed 
fibres). Multiple geometries were created where the winding angle was varied from 
15° to 85° [493], however in each case the total tube height was 10 mm. 
6.3.5.2 Preprocessing 
Three noded quadratic BEAM188 elements with a circular cross section of 60 
μm in diameter (resultant diameter of single fibre fabrication) were used to mesh the 
geometry. Enabling shear stress calculations through the elements by using 
Thimoshenko beam theory, the BEAM188 element is the most accurate beam 
element provided by ANSYS 12.1 and suits the fibre geometry in this model [494]. 
In order to accurately represent the circular structure, the elements were used in their 
quadratic form. Following sensitivity analysis, the division arc spanned by one 
element was defined to be not bigger than 3° to be able to approximate the circular 
structure using straight elements [495]. The helical lines were defined for two cases: 
independent of each other (not connected) to obtain information about influence of 
winding angle on the stability of the geometry in terms of single fibres; and 
alternatively, contact between the elements where the helical lines crossed each other 
was defined as bonded to represent fusion between the fibres during melt 
electrospinning. 
6.3.5.3 Material Model 
To develop a material model representing melt electrospun PCL fibres, the 
linear region of the stress–strain curve of the averaged data from the single fibre 
tensile testing was used. The Young’s Modulus was approximated to be 0.35 GPa, 
with a yield stress of approximately 13 MPa at 4% strain. This result matches values 
previously reported in the literature [496]. Additional material properties used to 
represent PCL included a Poisson’s ratio of 0.47 [497] and a density of 1.145 (g cm-
3
) [415]. ANSYS provides different nonlinear material models, but only the Voce 
Hardening law describes a continuous stress–strain curve approximation depending 
on four material specific parameters, leading to more accurate results than a 
multilinear approximation [498]. With the Marquardt–Levenberg-Algorithm the four 
material parameters defining the Voce hardening law were determined to be k = 2.39 
x 10
6
, R0 = 2.62 x 10
6
, Rinf = 1.24 x 10
7
, b = 160. A test simulation repeating the 
single fibre tension test represented by a single Beam188 element of 10 mm length, 
fixed at one end and extended in steps of 0.1 up to 25 mm was carried out to test the 
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applied material law. A comparison of the mechanical testing and simulation results 
can be seen in Figure 6.1A. 
 
Figure 6.1. A) Comparison of mechanical testing single fibre properties for PCL with Voce hardening 
law. B) Example of tube model subjected to uniaxial loading in ANSYS. C) Simulated response to 
torsional loading as winding angle is varied. 
6.3.5.4 Loading 
In each simulation case, all nodes at z = 0 (bottom of the tube) were 
constrained in all degrees of freedom (fixed supports). All nodes located at z = 10 
mm were loaded with a deformation of 1 mm parallel to the axis of symmetry to 
simulate 10% uniaxial tension (Figure 6.1B). To provide an indication that the model 
was responding to loading in a valid manner, each geometry variant was rotated 45° 
about the central axis of the tube (torsion) (Figure 6.1C). 
6.3.6 in vitro Biocompatibility Assessment 
Primary human osteoblasts (hOBs) and mesothelial cells as well as mouse 
osteoblasts (mOBs) were utilised in this study in order to demonstrate that the 
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electrospun fibres comprising the tubes are non-cytotoxic and support cell 
colonisation. 
6.3.6.1 Biomimetic Coating of PCL Tubular Scaffolds for in vitro Studies 
with Osteoblasts 
To enhance osteo-induction, PCL tubes were coated with a layer of calcium 
phosphate (CaP). The coating process consisted of three steps: surface activation 
with alkaline treatment (Sodium hydroxide (NaOH)); treatment with simulated Body 
Fluid 109 (SBF109) to deposit the CaP; and post-treatment with NaOH. The 
preparation of SBF109 was adapted from Yang et al. [499]. For 1 L of solution, 
reagents were dissolved in ddH20 in the following order: 58.430 g NaCl, 0.373 g 
KCl, 3.675 g CaCl2·2H2O and 1.016 g MgCl2·6H2O. The next reagent (1.420 g of 
Na2HPO4) was dissolved separately in 20 mL of ddH20 and added drop by drop into 
the main solution while maintaining the pH level at 4 by adding hydrochloric acid 
(HCl) 32% in order to avoid precipitation of calcium cations and phosphate anions. 
The tubes were first cleaned by immersion in 70% ethanol solution under vacuum for 
15 min for the purpose of removing entrapped air bubbles, then the structures were 
immersed into pre-heated (37 °C) NaOH 2 M and a 5 min vacuum treatment was 
performed at RT. For the rest of the activation step, the scaffolds were placed at 37 
°C for 30 min to accelerate the etching process. The tubes were then rinsed with 
ddH2O until the pH level dropped to approximately 7. Meanwhile, NaHCO3 was 
added to the SBF109 solution until a pH of 6 was reached. This activated SBF 
solution was filtered (0.2 μm filter) and another 5 min vacuum treatment at RT was 
performed to ensure that the solution fully penetrated the tubes. The samples were 
thereafter placed at 37 °C for another 30 min. The solution was replaced with freshly 
activated and filtered SBF and placed again at 37 °C for 30 min. The tubes were 
rinsed in ddH2O and then immersed in pre-heated NaOH 0.5 M for 30 min at 37 °C. 
Finally the tubes were rinsed with ddH2O until the pH level dropped to 
approximately 7 and then dried overnight in a dessicator. 
6.3.6.2 Human Primary Osteoblast Cell Culture and Seeding onto PCL 
Tubular Scaffolds 
hOBs were isolated as previously described [500]. Cells were maintained in 
culture up to passage 4 in alpha minimum essential media (α-MEM) (Invitrogen, 
Australia) supplemented with 10% FBS (Invitrogen, Australia), 100 IU mL
-1
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penicillin (Invitrogen, Australia), and 0.1 mg mL
-1 
streptomycin (Invitrogen, 
Australia). Prior to cell seeding, PCL tubes were sterilised by immersion in 70% 
ethanol for 30 min, followed by 20 min UV exposure. Dry scaffolds were transferred 
into a 24-well plate and 1.6 x 10
5
 hOBs suspended in 40 μL of culture media were 
equally distributed onto the scaffolds. After leaving the moistened scaffold for 2 h at 
37 °C, during which initial cell attachment to the scaffold occurred, 1 mL of culture 
medium was carefully added. Cells were grown over a total culture period of 4 weeks 
in 5% CO2 and at 37 °C. Medium was changed every 3 days. After 2 weeks of 
culture, cells were cultured under osteogenic conditions (i.e. in cell culture medium 
supplemented with 50 μg mL-1 ascorbate-2-phosphate (Sigma-Aldrich, Australia), 10 
mM β-glycerophosphate (Sigma-Aldrich, Australia), and 0.1 μM dexamethasone 
(Sigma-Aldrich, Australia)). 
6.3.6.3 Mouse Primary Osteoblast Cell Culture and Seeding onto PCL 
Tubular Scaffolds 
MOBs were received as a gift from Dr. Jean-Pierre Levesque (Mater Medical 
Research Institute, Brisbane, Australia). Cells were maintained in culture in α-MEM 
(Invitrogen, Australia) supplemented with 10% FBS (Invitrogen, Australia), 100 IU 
mL
-1
 penicillin (Invitrogen, Australia), 0.1 mg mL
-1
 streptomycin (Invitrogen, 
Australia) and 50 μg mL-1 ascorbate-2-phosphate (Sigma-Aldrich, Australia). Prior to 
cell seeding, PCL tubes were sterilised by immersion in 70% ethanol for 30 min, 
followed by 20 min UV exposure. Dry scaffolds were transferred into a 24-well plate 
and 3 x 10
5
 mOBs suspended in 37.5 μL culture media were equally distributed onto 
the scaffolds. After leaving the moistened scaffold for 2 h at 37 °C, during which 
initial cell attachment to the scaffold occurred, 1 mL of culture medium was 
carefully added. Cells were grown over a total culture period of 4 weeks in 5% CO2 
and at 37 °C. Medium was changed every 3 days. After 2 weeks of culture, cells 
were cultured under osteogenic conditions, i.e. in cell culture medium supplemented 
with 50 μg mL-1 ascorbate-2-phosphate (Sigma-Aldrich), 10 mM β-glycerophosphate 
(Sigma-Aldrich), and 0.1 μM dexamethasone (Sigma-Aldrich). 
6.3.6.4 Culture and Seeding of Human Mesothelial Cells onto PCL Meshes 
Human mesothelial Met-5A cells were obtained from the American Type 
Culture Collection (ATCC) and maintained in the recommended media199 [501]. 
Briefly, 2 x 10
5
 cells were seeded on top of sterilised PCL meshes, grown for up to 
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28 days and processed using confocal laser scanning microscopy (CLSM) as 
described previously [502]. 
6.3.6.5 Analysis of Cell Viability 
After 28 days of 3D culture, cell viability was assessed by fluorescein diacetate 
(FDA) (Invitrogen, Australia) and propidium iodide (PI) (Invitrogen, Australia) 
staining. Samples were rinsed three times with pre-warmed phenol red free α-MEM 
(Invitrogen, Australia). Samples were then incubated in 2 μg mL-1 FDA and 10 μg 
mL
-1
 PI in phenol red free medium at 37 °C for 15 min and washed using phosphate 
buffered saline (PBS). Thereafter, the hydrated specimens were immediately imaged 
using a confocal microscope (TCS SP5 II, Leica, Australia) with a 10/20x immersion 
oil objective. 2 μm thick Z–stacks were acquired over a total height of 400–600 μm 
and from these, 3D projections were generated using LAS AF software (v.1.8.2 build 
1465, Leica Microsystems, Australia). Then, the scientific image processing software 
Imaris (x64; v.7.3.0, Bitplane, Switzerland) was used to prepare 3D reconstructions. 
6.3.6.6 Phalloidin/DAPI Staining of Cells Growing on PCL Scaffolds 
Cells were fixed with 4% paraformaldehyde for 20 min at RT and 
permeabilised using 0.2% Triton X-100 in PBS for 5 min at RT. Thereafter, samples 
were washed twice with PBS and blocked for 10 min in 2% bovine serum albumin 
(BSA) (Sigma, Australia) in PBS. Samples were then incubated with 5 μg mL-1 4',6-
diamidino-2-phenylindole (DAPI) (Invitrogen, Australia) and 200 U/mL rhodamine-
conjugated phalloidin in 2% BSA/PBS for 1 h at RT. After washing with PBS, 
hydrated samples were imaged using a laser scanning confocal microscope (TCS SP5 
II, Leica). Z-stacks and 3D projections were prepared as described above. 
6.3.6.7 SEM Analysis of Cells Growing on PCL Scaffolds 
Samples were fixed with 3% (v/v) glutaraldehyde in 0.1 M sodium cacodylate 
buffer (pH 7.3) overnight at 4 °C. Fixed specimens were washed in 0.1 M sodium 
cacodylate buffer and dehydrated through a graded series of ethanol. Samples were 
then incubated in hexamethyldisilazane (HMDS) (Prositech, Australia) for 30 min 
and air-dried. Specimens were mounted and gold coated (SC500, Bio-Rad, Australia) 
prior to visualisation using a Quanta 200 SEM (FEI, The Netherlands). 
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6.4 RESULTS AND DISCUSSION 
6.4.1 Design of Porous Tubular Structures 
Modifying design parameters such as the fibre diameter, number of fibres and 
the choice of winding angle allows control over the spatial architecture of a tubular 
scaffold fabricated from direct writing combined with melt electrospinning. For 
example, Figure 6.2A illustrates the variation in pore size and number, geometry and 
orientation, as well as fibre crossover points when the winding angle is varied from 
30 to 45 and 60° respectively for a 6 mm diameter, 10 mm high tube designed from 
ten fibre pairs on a single layer. In this case the pore geometry varies (left to right) 
from a diamond shape with the smaller angles oriented axially, to a square, to a 
diamond oriented radially. In addition, the number of equivalent full pores/fibre 
crossover points increases with a larger winding angle from (left to right) 60/70, 
90/100, to 180/190 respectively (where in any case the number of fibre crossover 
points will be greater than the number of pores by the amount of fibre pairs chosen). 
For a single layer of wound fibres with diameter of 25 μm, Figure 6.2B 
demonstrates a power law relationship between the number of fibre pairs (as well as 
the number of pores) and the number of crossover points, which increases with a 
larger winding angle. Associated with this increase in number of crossover 
points/pores with more fibre pairs is a decrease in average pore size (assuming a 
homogenous distribution of fibres) which becomes more apparent with increasing 
winding angle (Figure 6.2C). 
Assuming a fixed fabrication time, a constant amount of material should be 
collected. However as the winding angle increases, so will the length of a single fibre 
from one end of the tube to the other (assuming the tube height is fixed). Therefore, 
this will be accompanied by an associated decrease in fibre diameter to maintain a 
constant volume of material. As well as showing the reduction in porosity as the 
number of fibres increases, Figure 6.2D illustrates a decrease in porosity with 
increasing winding angle. This can be explained by the reduced volume occupied by 
the smaller diameter fibre associated with increased winding angle. 
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Figure 6.2. A) Variation in pore architecture and quantity with winding angle for ten fibre pairs. 
Increase in number of fibre crossover points B) and corresponding decrease in average pore size C) 
with increasing number of fibres and winding angle. D) Variation of total porosity with number of 
fibre pairs and winding angle. 
The relationships between the parameters described above are presented in the 
supporting information section. This allows the design of tubes with control over 
features such as pore size, shape and number as well as total porosity, based on the 
following input parameters: tube height and diameter, fibre diameter, number of fibre 
pairs, and winding angle. Their choice and balance between them allows the tailoring 
of the pore architecture to suit a specific TE application. For example, for a desired 
pore size and using a fixed number of fibres, a large winding angle such as 60° 
allows for an increased number of crossover points (for tissue spanning) and surface 
area to volume ratio than compared to a more acute angle. The associated decrease in 
pore size reduces the potential for cell and tissue infiltration which may be 
favourable for example to neural compared to vascular applications. 
6.4.2 Fabrication of Melt Electrospun Tubes in a Direct Writing Mode 
Melt electrospinning offers the advantage of a stable jet which allows relatively 
good control over the location of fibre deposition [4]. However, on a stationary 
collector fibre deposition remains random. The melt electrospinning parameters 
previously described resulted in fibres collected with an average diameter of 60 ± 1.1 
 218 
 
μm on a stationary collector. We have previously shown that melt electrospun fibres 
can be drawn into a straight line when relative motion is introduced into the collector 
at speeds matching or above the jet speed [230]. For a fibre diameter of 60 μm, a 
relative collector speed of approximately 250 mm min
-1
 was required to draw the 
fibre into a straight line. Increased speeds are observed to introduce a drawing effect 
onto the fibres which reduces fibre diameter and has been reported to improve 
mechanical properties [503]. To obtain the benefits of ultrafine fibre diameters 
associated with electrospinning, the relative collector speeds were chosen at above 
the jet speed, in order to further reduce the collected fibre diameter. Table 6.2 shows 
that fibre diameter reduces with increased collector speed. Therefore, in this work 
melt electrospinning offers a 25 times reduction in fibre diameter from 514 μm (the 
inner diameter of the needle through which the polymer melt was extruded) down to 
20 μm, due to the combination of electrostatic drawing and further mechanical 
drawing associated with the winding process. This is an order of magnitude reduction 
in fibre diameter compared to melt spinning processes where the electrostatic 
drawing element is absent [330]. 
Table 6.2. Fabrication times and resultant dimensions for two different strategies to fabricate melt 
electrospun tubes. 
Case 
Fabrication 
Time [min] 
 
Effective Resultant 
Vector Speed [mm min
-1
] 
Weight [mg] Average Fibre 
Diameter [µm] 
1a 22 735 15.2 ± 3.3 25.7 ± 1.8 
1b 22 901 14.8 ± 2.5 22.4 ± 1.8 
1c 22 1274 15.7 ± 2.9 19.9 ± 0.9 
2a 13 1273 11.1 ± 1.2 20.4 ± 1.8 
2b 22 901 17.5 ± 0.7 26.3 ± 3.2 
2c 38 735 37.4 ± 1.3 27.7 ± 2.4 
 
6.4.3.1 Collection Speeds 
Two strategies were employed to obtain the effective resultant vector speeds 
shown in Table 6.1. Both cases combined lateral translation with rotation of a 
cylindrical collector (Figure 6.3A). In the first case the programmed lateral 
translational speed (Tp) was held constant at 3500 mm min
-1
. One phenomenon we 
have previously described is an associated tensile drag force imparted on the melt 
electrospinning jet as it collects onto surfaces moving at relative speeds greater than 
the jet speed, causing the collected fibre to experience a delay in response (‘‘lag’’) to 
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changes in direction (Figure 6.3A). This lag effect increases as the collector speed is 
further increased [230]. In this case, when the collector was programmed to translate 
back forth over a distance of 55 mm, due to a delayed turning response the resultant 
collection range was over 10 mm (the desired height of the tube). Therefore, the 
effective translation speed (Te) was calculated as the ratio of actual collection length 
to programmed length multiplied by Tp. Rotation was then combined with 
translation. A ratio of rotational to translational speed was programmed to obtain a 
tangential speed, which through vector addition resulted in a vector speed and actual 
winding angle. However, taking into account the lag effect on the melt electrospun 
fibre, the effective resultant vector speed and angle were obtained by combining the 
effective translational and tangential speeds. Thus, for a constant translational speed, 
by varying the tangential speed the resultant winding angle could be controlled. The 
difference between the measured winding angles and actual winding angles due to 
the lag effect is shown in Table 6.1. Figure 6.3B and 6.3C shows a 6 mm diameter 
tube with a controlled winding angle of approximately 60°. 
 
Figure 6.3. A) Schematic illustration showing fabrication of a porous tube by combining melt 
electrospinning with direct writing by using a rotating collector on a translating stage. Due to the 
characteristic lag effect of the melt electrospinning jet, the effective translation of the jet (Te) which 
corresponds to the tube height is shorter than the actual programmed translation of the stage (Tp). B) 
Porous tube fabricated by combining melt electrospinning of PCL with direct writing. C) SEM image 
showing smooth uniform fibres interwoven and oriented at 60° to the central axis of the tube. 
By maintaining a constant Tp in case 1, the fabrication time (to translate back and 
forth 700 times) was fixed. This should ensure a constant amount of material 
collected. Table 6.2 shows that for a fabrication time of 22 min the weight of tubes 
fabricated in this manner was relatively uniform. However, because the length of a 
single fibre from one end of the tube to the other will increase with an increase in 
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winding angle, this should be accompanied by an associated decrease in fibre 
diameter to maintain a constant volume, shown in Table 6.2. 
As an alternative method to control the winding angle, the tangential speed was 
fixed and Tp varied. The tangential speed of 637 mm min
-1
 used in case 1 for a 45° 
winding angle was chosen as a reference point so that the translational speed could 
be varied above and below the translational speed matching this speed to obtain 
winding angles of 30 and 60° (Table 6.1). However, an approximate 1.7 fold increase 
and decrease in the translational speeds was required to achieve the desired changes 
in winding angle. Because of the associated differences in fabrication time and total 
volume of the tubes fabricated in this manner (Table 6.2), this method was not 
preferred for subsequent characterisation and comparisons of mechanical properties 
based on winding angle. 
6.4.3.2 Pore Size and Porosity 
Figure 6.4A–6.4C shows μ-CT images of the middle 3 mm sections of tubes 
with 30, 45 and 60° winding angles respectively. Upon inspection, each tube appears 
comprised of 10 layers of fibres, that is, 70 fibre pairs per layer. 
 
Figure 6.4. Front and oblique μ-CT images of a 3 mm central section of melt electrospun tubes shows 
tubes are comprised of ten fibrous layers and the pore size decreases as the winding angle is increased 
from A) 30° to B) 45° and C) 60°. All scale bars 1 mm. 
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Assuming a fibre diameter of 25.7 μm for the 30° case (based on the average 
measured value in Table 6.2), to maintain a constant volume fibre diameters of 23.23 
and 19.53 μm would be required for the respective 45 and 60° cases (where these 
values fall in the range of measured values in Table 6.2). Using these values, 
predicted values for porosity were established using the formula presented in the 
supporting information for two cases: assuming no bonding between fibres, and 
assuming total bonding between fibres at the crossover points on a single layer 
(Table 6.3). Assuming no bonding between fibres the porosity is predicted to be 
greater than for the bonded case, where in both cases the predicted porosity decreases 
with increasing winding angle. For measured porosity using μ-CT analysis, there was 
little variation as winding angle was varied, though the values lay in between those 
predicted for the unbonded and bonded cases. However, the measured values lie 
closer towards those for the unbonded case suggesting there is a minor degree of 
fusion between fibres, or reshaping of the fibres at the points of contact in each case. 
Table 6.3. Predicted and measured values for porosity and pore size for tubes fabricated with varied 
winding angle. 
Case Predicted 
Porosity 
(Unbonded) [%] 
Predicted 
Porosity 
(Bonded) [%] 
Measured 
Porosity [%] 
Predicted Pore 
Size [x10
-2 
mm
2
] 
Measured Pore 
Size [x10
-2 
mm
2
] 
1a 91.9 83.72 86.72 7.84 6.9 ± 1.9 
1b 91.08 82.08 87.23 5.32 5.0 ± 1.1 
1c 89.51 78.94 87.32 5.28 4.8 ± 0.6 
Also shown in Table 6.3 are predicted values for pore size which reduce from 
7.84 x 10
-2
 mm
2
 to 5.28 x 10
-2
 mm
2 
as the winding angle is increased from 30 to 60°. 
The average measured values shown in Table 6.3 demonstrate that pore size reduces 
(from 6.9 ± 1.9 x 10
-2
 mm
2
 down to 4.8 ± 0.6 x 10
-2
 mm
2
) with increased winding 
angle. The large variation in the measured values can be attributed to the presence of 
field disturbances during the electrospinning process as well as repulsive coulombic 
interactions between charged fibres immediately prior to deposition [4]. However, 
these results demonstrate that choice of design parameters such as number of fibres, 
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fibre diameter and winding angle can be used to predict tube architecture such as 
pore size, number and total porosity. 
6.4.3 Mechanical Simulation 
The development of a static structural computational model allows the analysis 
of different loading scenarios leading to improved design of TE scaffolds. For 
example, for the simple case of axial loading we hypothesized that the stiffness of a 
tubular construct would be influenced by varying a design parameter such as winding 
angle (Figure 6.2A, 6.2B) due to two mechanisms: the degree of initial relative fibre 
alignment to the direction of loading; versus the number of fibre crossover points 
which provide sites for bonding. Insufficient computational power was available to 
simulate a complex tubular structure composed of 700 fibre pairs (as was fabricated), 
due to the number of elements required to represent the geometry. In addition, the 
tubes were subjected to relatively low loads so that the response of individual fibre 
units to strain remained in the linear region. 
One method investigated to simplify the tubular geometry was to reduce the 
number of fibre pairs to ten. At this stage of development, in order to quantitatively 
predict the stiffness response of a 700 fibre pair tube by normalising against 10 fibre 
pairs would require further simulations with increased numbers of fibre pairs to 
establish the nature of the variation in response (i.e. linear or non-linear). However, 
the established model still allows a qualitative identification of response trends which 
can be compared with experimental results. As a preliminary indication that the 
model was responding to loading in a valid manner, the winding angle of the fibres 
was varied from 15° to 85° in one degree increments and torsional loading applied to 
each case. The model with the winding angle which yielded the optimal response to 
torsional loading (Figure 6.1C) matched the reported angle of 54 to 55°, which is 
traditionally used in filament winding processes [504]. 
It has been observed that melt electrospun fibres may solidify prior to 
deposition (Figure 6.5C) or alternatively, fuse at the points of contact if insufficient 
cooling has taken place prior to deposition (Figure 6.5D). Matsuda et al. reported an 
increase in stiffness of an electrospun tubular construct with an increased degree of 
fusion or welding at the contact points with other fibres, attributed to the restricted 
freedom of movement of fibres under mechanical stretching. Therefore, a physically 
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entangled mesh should exhibit a higher degree of fibre extension upon stretching 
than with bonded fibres [479]. 
For a melt electrospun tube produced in a direct writing mode with the same 
number of fibre pairs, a larger winding angle will facilitate more fibre bonding sites. 
However, for the loading case of uniaxial tension, this could be accompanied by a 
sacrifice in the stiffness of the construct as the orientation of the fibres diverges 
further from the direction of loading. Figure 6.5 illustrates the results of simulated 
uniaxial tensile loading of a tubular construct for two cases: where there is no 
bonding between fibres (Figure 6.5A), and where the fibres are fully bonded (Figure 
6.5B). 
 
Figure 6.5. Comparison of simulated response to uniaxial tensile loading for tubes comprised of ten 
A) unbonded and B) bonded fibre pairs with varying winding angle. SEM images showing interwoven 
melt electrospun fibres with C) minimal evidence of bonding due to melt fusion at the crossover 
points, and D) evidence of fusion between fibres. All scale bars 100 μm. 
These simultation results predict an improvement in stiffness when the fibres 
are bonded compared to unbonded. In the unbonded case (Figure 6.5A), stiffness 
reduces as the winding angle is increased from 30 to 60° according to a power law. 
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Whereas in the bonded case (Figure 6.5B), stiffness reduces linearly as the winding 
angle is increased from 30 to 60°. However, the fact that stiffness continues to reduce 
with increasing winding angle for the bonded case suggests that the orientation of 
fibres closer to the axis of loading improves stiffness more significantly than the 
increased amount of fibre bonding sites provided by fibres orientated further from 
the axis, even for a low strain linear loading case. 
The linear approximation for the material model is a limitation of this model. 
With further development, such as the inclusion of compressive material properties 
(which would account for failure of slender fibre segments in compression due to 
buckling as observed in Figure 6.6B) as well as cyclic loading cases (to better 
represent in vivo loading) such a predictive design tool could be applied to more 
complicated loading cases, as well as non-linear solutions. This may benefit the 
design of structures with increased complexity, such as multi-angle wound tubes. 
6.4.4 Mechanical Testing 
Tensile and compressive testing of melt electrospun tubes is shown in Figure 
6.6A and 6.6B. Figure 6.6C shows average mechanical response data to uniaxial 
tensile testing for melt electrospun tubes fabricated with 30, 45 and 60° winding 
angles, where at 10% strain the reaction forces are 0.34 ± 0.013, 0.07 ± 0.005 and 
0.011 ± 0.002 N, respectively. The reactions are significantly different and stiffness 
appears linear which suggests that a linear approximation for the material properties 
of PCL in tension in the FE model is valid over this strain range. 
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Figure 6.6. Mechanical testing of melt electrospun wound tubes in A) tension and B) in compression 
(where the onset of buckling is shown). Response of tubes to mechanical loading in C) tension and D) 
compression. Mean values and standard error bars are shown (n = 5). 
Considering the predicted trends in Figure 6.5: the uneven difference between 
the response curves appears closer to the unbonded simulation shown in Figure 6.5A 
where reaction reduces according to a power law as winding angle is increased. That 
is, the reaction force for 45° is much closer to that for 60° rather than 30° whereas if 
fibres were totally bonded, the 45° reaction curve would be expected to lie in 
between those for the other two winding angles in order to follow the linear 
reduction in response shown in Figure 6.5B. The implication of these results is 
highlighted by considering the 60° case: the response force is so small it suggests the 
fibres in the tube are still unentangling and aligning themselves towards the direction 
of loading at up to 10% strain, rather than reacting as a whole bonded structure. 
Whereas for a 30° winding angle, the fibres become aligned with the direction of 
loading sooner and therefore provide a stiffer response. Figure 6.6D shows responses 
to uniaxial compression where no significant difference was shown between the 
reaction force for 45 and 60°. Further, the compressive reaction forces are of an order 
of magnitude less than for tension as well as nonlinear, which suggests that a 
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mechanism such as buckling is taking place. These results indicate that the choice of 
a fabrication design parameter such as winding angle significantly affects the 
mechanical properties of a melt electrospun tube. With further development of an FE 
model, such design parameters may be used to predict the mechanical behaviour of 
melt electrospun tubes. 
6.4.5 in vitro Biocompatibility Assessment 
The first step in optimising TE scaffold design is to understand how scaffold 
architecture influences cellular activities. From this point of view, solution 
electrospinning has a number of drawbacks associated with chaotic fibre deposition 
and thus random assembly characteristic to the process [411]. Therefore, our aim is 
to translate melt electrospinning, which offers improved control over fibre 
deposition, into the direct writing of tubular scaffolds based on better control over 
design parameters. Pore geometry plays a vital role in governing cell infiltration, 
with the shape of the pore dictating the distribution of cells within, and the resultant 
pattern of tissue growth. For example, the evaluation of diamond-shaped pores 
suggests that they are less sensitive to initial conditions of cell attachment than 
rectangular pores, and thus more effective in guiding engineered tissue cell and 
collagen orientation [464]. Edwards et al. [491] report that tissue growth can be 
predicted based on aspects of pore geometry, namely, the angle between crossing 
fibres and the distance between adjacent fibre crossovers. Tissue lengths at fibre 
crossovers were found to decrease exponentially with increasing interfibre angle, as 
well as decrease away from the fibre crossover, with the smallest lengths toward the 
fibre segment mid-point. Considering this approach in the design of TE scaffolds, it 
is envisaged that tissue growth may, in part, be controlled by scaffold fibre 
orientation (dictating the interfibre angle) and packing density (controlling the 
distance between adjacent fibres). Therefore, the aim of the following in vitro 
cultures was to demonstrate the biocompatibility of these structures for future 
exploration into the aforementioned issues. 
6.4.5.1 Culture of Human Primary Osteoblasts on Tubular PCL Scaffolds 
To facilitate attachment and growth of hOBs and provide a bone-mimicking 
crystalline microenvironment, the fibres of melt electrospun PCL tubes (Figure 6.7A) 
were coated with a CaP layer. SEM analysis indicated that an approximately 800 nm 
 227 
 
thick and relatively uniform coating was deposited by this procedure (Figure 6.7B). 
Higher resolution images (inset in Figure 6.7B) revealed that the coated PCL fibres 
had an increased roughness compared to smooth non-coated fibres (Figure 6.4C) 
which could account for enhanced cell/material interaction. After 14 days of in vitro 
culture under osteogenic induction, CLSM imaging showed the hOBs were 
homogeneously distributed over the entire fibrillar network (Figure 6.7C). The cells 
were preferentially orientated along the fibres and exhibited an elongated spreading 
morphology with extensive actin stress fibrils. Higher resolution CLSM and SEM 
images show that some hOBs began to span two adjacent fibres at their crossover 
points, indicated by the arrows in Figure 6.7D and 6.7E. Generally cells displayed a 
healthy spreading morphology, which was further confirmed by the high cell 
viability > 90% detected by FDA/PI stainings (Figure 6.7F). 
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Figure 6.7. Culture of hOBs on CaP coated electrospun PCL tubular scaffolds. A) Optical image 
showing fibres with winding angle of 45° prior to CaP coating. B) SEM image showing the coated 
PCL meshes prior to cell seeding. An SEM image taken at higher resolution (inset 25 x 25 μm) 
reveals the microstructure of the biomimetic coating. C) CLSM 3D projection of hOBs cultured on the 
scaffold for 2 weeks. Cells were fixed and stained for f-actin (red) and nuclei (blue). An overlay of the 
fluorescent and transmission light microscopy image is shown. D) CLSM 3D projection taken at 
higher magnification (same conditions as in C). E) SEM image showing hOBs after 2 weeks of culture 
on the scaffold. Arrows in D and E indicate fibre crossovers where hOBs start to span neighbouring 
fibres.  F) Live/dead assay by using FDA/PI staining showed that > 90% of the hOBs were alive after 
2 weeks of culture. 
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6.4.5.2 Culture of Mouse Primary Osteoblasts on Tubular PCL Scaffolds 
One of our future goals is to use the tubular scaffolds to develop an ectopic 
long bone model in mice to study bone metastases [209]. Similar to hOBs, mOBs 
showed good attachment and then proliferated over a culture period of 4 weeks. 
After 4 weeks of culture a 2 mm biopsy punch was used to harvest the specimen 
(Figure 6.8A) shown in Figure 6.8. SEM (Figure 6.8B, 6.8C) showed that the mOBs 
formed a mineralised extracellular matrix (ECM) not only on the scaffold fibres but 
also inside and across the pore architecture. DAPI/Phalloidin staining revealed under 
CLSM alignment of mOBs along the fibre axis of tubular scaffolds (Figure 6.8D). 
 
Figure 6.8. Culture of mOBs on melt electrospun PCL fibres taken from a tube with a winding angle 
of 30°. mOBs initially showed good attachment and then proliferated over a culture period of 4 weeks. 
A) After 4 weeks of culture a 2 mm biopsy punch was used to harvest the specimen shown in B–D. 
SEM showed that the mOBs formed a mineralised ECM not only on the scaffold fibres but also inside 
and across the pore architecture (B and C). D) CLSM revealed by using DAPI/Phalloidin staining 
alignment of mOBs along the fibre axis. 
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6.4.5.3 Culture of Human Mesothelial Cells on PCL Scaffolds 
When Met-5A cells were cultured on the PCL scaffolds, they were able to 
proliferate and span pores similarly to the hOBs. Met-5A cells grown up to 28 days 
on top of PCL meshes were imaged every 2 weeks performing cell viability and 
imaging analyses using CLSM and SEM. Over the mesh culture period a cell 
viability of > 90% was determined by live/dead staining, exemplifiying the excellent 
cyto-biocompatility of these structures (Figure 6.9A). Maximal projections of CLSM 
images (Figure 6.9B) revealed an ongoing sheet formation covering more than 75% 
of the surface as seen in the 3D reconstructions (Figure 6.9C). SEM confirmed that 
the cell sheet formation started 14 days post-seeding and continued up to day 28 
(Figure 6.9D). 
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Figure 6.9. Met-5A cells were seeded on PCL meshes at a density of 20.000 cells in 40 μL. 
Scaffold/cell constructs were imaged every 2 wks performing cell viability and imaging analyses 
using CLSM (A-C) and SEM D). A) Over the culture period a cell viability of greater than 90% was 
determined by live/dead staining. B) Maximal projections of CLSM images (inset scale bars 100 µm) 
revealed an ongoing cell/ECM sheet formation covering more than 75% of the pore space indicated by 
C) 3D reconstructions. D) SEM revealed the morphology of Met-5A cells, where sheet formation 
started on day 14 and continued up to day 28. 
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6.5 CONCLUSIONS 
Over the last 10 years there have been significant advancements in the field of 
electrospinning. In spite of this, new breakthroughs in manufacturing are needed to 
maintain the momentum of the electrospinning field. For the most part, researchers 
have focused on electrospinning from solution with only a handful attempts to design 
and fabricate scaffolds from the melt. Our group has made significant progress in the 
design and fabrication of scaffolds by combining melt electrospinning with a direct 
writing process, where matching the translation speed of the collector to the speed of 
the melt electrospinning jet is the key factor that establishes control over the location 
of fibre deposition in order to write with a continuous line. In this work we were able 
to accurately deposit melt electrospun fibres and create tubular scaffolds with 
different fibre winding angles. Control over the relative speed between translation 
and rotation allowed control over fibre diameter (due to induced drawing) and the 
winding angle. Combined with the choice of fibre number, these design parameters 
allowed control over scaffold architecture in terms of number of pores, their size and 
geometry, as well as total porosity. A computational model was developed and 
assessed against mechanical testing results to show that melt electrospun tubes 
provide a stiffer response to uniaxial loading when fabricated with a smaller winding 
angle. Furthermore, increasing the degree of fusion between fibres at their crossover 
points may enhance the overall stiffness of such tubes. 
The scaffolds that are used in TE are generally meant to provide provisional 
substitutes for ECM, providing a temporary structural support combined with 
specific biochemical signals that encourage cells to create their own ECM 
environment. However, the ECM is much more than a static mechanical support for 
tissues. It provides the physical microenvironment of a cell. Cells are not only 
affected by material composition, but also by the topography and mechanical 
properties of the scaffold. We have shown in a series of in vitro studies that tubular 
melt electrospun scaffolds fabricated in a direct writing mode show excellent cell 
compatibility. Taken together, these in vitro studies demonstrate that hOB, mOB and 
human mesothelial cells were able to infiltrate entirely the fibrillar scaffolds and that 
the specific architecture obtained by the combination of melt electrospinning and a 
direct writing process is favourable for cell spanning between adjacent fibres. Future 
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work of our group is focused on the design and implementation of in vivo studies to 
further explore the potential of this unique scaffold design concept. 
6.6 SUPPORTING INFORMATION 
6.6.1 Tube Pore Architecture Design Parameters 
Tube diameter = dt 
Tube height = h 
Fibre diameter = df 
Number of fibre pairs = n 
Winding angle = β 
6.6.2 Response Parameters 
Circumference = c = πdt 
Total surface area of a cylinder which tube comprises = ac = ch 
Cross sectional area of fibre = Af =  
Fibre length = l =  
Spacing between fibre centres around circumference = scf =  
Spacing between fibres around circumference = sc = scf - fc 
Where fc = apparent fibre width at circumference =  
Spacing between parallel fibres = sf = scfcosβ - df 
Total number of fibres that fit in on tube = nf =  =  
Pore length = lp =  
Pore height = hp =  
Approximated single pore area = Ap = = schp =  
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Repeating unit height = hu =  
Number of pores / repeating unit = number of fibre pairs = n 
Total number of pores = np =  
Number of crossover points = nc = n + np 
 
Porosity (bonded fibres): 
Total volume of a tube which contains a single layer of fibres = Vtcb = 
2− 2/4 
Volume occupied by fibres in this tube = Vf =  
Where Vc = the adjusted volume where fibres crossover (without this value the 
volume where fibres crossover would be included twice rather than once), derived 
below: 
Fibre crossover height = hfc = hu - hp 
Length of fibre crossover = lfc =  
Volume of fibre crossover = Vfc = lfcAf 
Therefore, Vc = Vfc(np + n/2) (the n/2 accounts for the starting row of fibre 
crossovers will only take up half of the crossover volume) 
Porosity (bonded) = ρb =  
 
Porosity (unbonded fibres): 
Total volume of a tube which contains a single layer of fibres is adjusted so that fibre 
pairs sit on top of each other rather than fuse = Vtcu =  
Porosity (unbonded) = ρu =  
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Chapter 7: Summary and Future Directions 
Here, the outcomes of this thesis are discussed, with respect to the research 
problem and aims stated in Chapter 1. It was hypothesised that the stable melt 
electrospinning jet, allowing focused fibre deposition, makes this process suitable to 
be developed into a new direct writing process by following additive manufacturing 
(AM) principles: where the continual controlled placement of melt electrospun fibres 
on top of each other, with filament and placement resolutions approaching submicron 
magnitudes, allows the fabrication of complex 3D structures with precise ultrafine 
fibre arrangements. The research problem of this thesis involved the development of 
a melt electrospinning technology platform which allows the design and fabrication 
of reproducible 3D biodegradable polymer structures with well-controlled porous 
architectures, which are cell invasive and support the growth of different cell types in 
vitro. The aims addressing this research problem were: 
 understanding and optimising the processing parameters involved in melt 
electrospinning jet/fibre formation 
 characterising and understanding melt electrospinning fibre deposition 
phenomena on stationary and moving surfaces (flat and tubular surfaces) 
 designing, fabricating and characterising scaffolds, investigating the 
suitability of such constructs for TE 
A review of the literature (Chapter 2) collates and summarises the current 
body of research surrounding melt electrospinning and discusses the fundamentals of 
this process, as well as developing applications, in the context of other fibre forming 
technologies including: solution electrospinning; melt blowing and melt spinning; as 
well as melt-extrusion based direct writing. The market for electrospinning 
equipment and electrospun materials with high surface areas and porosities, both for 
laboratory research and for industrial production, is expected to grow significantly 
due to the many advantages of nanofibers and their application in a wide range of 
industrial fields including energy and electronics, environment, filtration and 
separation, as well as textiles. 
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Melt electrospinning is emerging as a fibre fabrication process which offers 
solutions to some of the issues limiting the industrial implementation of its 
counterpart process, solution electrospinning. A recent and rapidly growing list of 
research publications is demonstrating that melt electrospinning enables the 
production of ultrafine polymer fibres in the absence of solvents, which provides 
benefits including: allowing a new variety of polymers to be processed which are not 
soluble in solvents; while avoiding toxicity issues which may affect the collecting 
substrate and intended application outcome; eliminating the costly need to collect 
solvent fumes and recycle them, as well as faster and less complicated material 
preparation, amounting to higher and more cost-effective throughput; as well as the 
ability to electrospin directly onto a desired substrate. Such factors are particularly 
significant in biomedical applications, where approved medical grade polymers can 
be processed as is, potentially reducing device development approval timelines in 
fields such as regenerative medicine (RM) and tissue engineering (TE) and one day 
may allow fibres to be directly applied to a patient as part of a treatment strategy. At 
the same time, this is driving innovative treatment approaches such as the 
encapsulation of functional materials within composite melt electrospun fibres for 
applications including drug and growth factor delivery, as well as biosensors. 
This chapter suggests that melt electrospinning is a promising technology for 
direct writing, yet until this PhD project, had not been demonstrated in this mode. 
Nor had the design and fabrication of complex and precise electrospun fibre 
arrangements in 3D been reported, where an immediate application is for the 
development of cell-invasive porous architectures for TE research. 
7.1 MELT ELECTROSPINNING PROCESSING PARAMETERS 
A key to fabricating reproducible substrates using melt electrospinning is 
understanding the complex interplay between materials and electrospinning 
processing parameters, which govern the size distributions and morphology of fibres 
– where AFD has been shown to greatly influence cell behaviour in vitro and is one 
of the critical considerations in the design of electrospun TE scaffolds. The melt 
electrospinning device developed during this project provided control over the 
processing parameters of a bioinert polymer, PCL. Relationships between the 
interdependent processing parameters were explored during Chapter 3 and 4 for 
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PCL samples with varying average molecular weights Mw. Melt electrospun PCL 
fibres with consistent and uniform morphologies were reproducibly fabricated over 
long production periods (over 24 h) and AFD controlled down to single micron 
magnitudes. 
A method was developed and described in Chapter 3 which allows rapid fibre 
characterisation, enabling the influence of varying process parameters on fibre 
morphology to be assessed in real time. Melt electrospun fibres could be collected 
onto glass microscope slides placed on top of the metallic collector, which were 
removed from the device and did not interrupt the melt electrospinning process. The 
samples could be characterised immediately using OM rather than SEM, which 
requires delays due to sample preparation time. Minimal influence was found on 
fibre morphology due to using a thin glass collector when placed on top of a metallic 
grounded collection plate rather than collecting directly onto the metallic plate. 
Using this particular microscopy configuration, measurements using OM agreed with 
SEM measurements for fibre diameters of 5µm and above. 
In Chapter 3, the fibre diameter of melt electrospun PCL (Mw = 80 kDa) could 
be controlled from 35 µm down to 5 µm. The combination of a low material delivery 
rate, short collection distance and high applied voltage (5 µL h
-1
, 10 mm and 12 kV 
respectively) appeared to result in the lowest diameter fibres, due to an enhanced 
electrostatic drawing force. In fact, at too low flow rates, too close collection 
distance and/or too high applied voltage, the electrostatic drawing force overcame 
the resistance to elongation provided by the molecular chains in the polymer melt jet 
and acted to pull the jet apart. Low molecular weight PCL, with less chain 
entanglements, was more susceptible to this effect. Varying the material delivery rate 
was found to be the processing parameter which provides the most significant 
influence over the AFD, where decreasing the delivery rate reduced AFD. A greater 
material delivery rate reduces the density of the surface charge on the polymer and 
therefore diminishes the electrostatic drawing force. Likewise, reducing the applied 
voltage resulted in an increased AFD until there was insufficient charge on the 
polymer surface emerging from the spinneret to establish a Taylor cone. Increasing 
the collector distance diminished the electric field strength according to a power law 
until the electrostatic drawing force was insufficient to sustain the Taylor cone and 
the melt electrospinning process ceased. 
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Chapter 4 showed that by reducing Tm to as low as possible above the melting 
point of PCL (60 °C), so that the polymer could still be extruded through the 
spinneret, resulted in the lowest AFD fibres. In the melt electrospinning system 
developed in this project, a syringe pump (which uses a constant displacement 
screw), was used as the driving mechanism to extrude the polymer melt through the 
spinneret. The reduced viscosity of PCL at higher Tm improved the melt flow 
behaviour as it travelled through the spinneret. For the same syringe pump flow rate 
setting there was an increase in the rate at which material was delivered through the 
spinneret to the Taylor cone, diminishing the electric charge density acting to stretch 
the polymer jet. Therefore, Tm was effecting the PCL flow rate through the spinneret 
to the Taylor cone more significantly than the rate of thinning (elasticity) of the jet 
once it emerged from the nozzle and began to solidify in the air as it was being 
stretched down towards the collector. By reducing the nozzle diameter from 514 to 
337 μm, the flow rate could be further reduced to produce AFDs down to 
approximately 1 μm. In some cases where the molecular chains were too mobile at 
high Tm, the jet would break up. 
Chapters 4 and 5 demonstrated that by reducing Mw from 80 to 50 kDa was 
another way to reduce AFD. In Chapter 5, fibres with smooth, uniform 
morphologies (AFD = 6.8 ± 0.6 μm) were reproducibly fabricated using PCL (Mw = 
50 kDa), where the combination of processing parameters (10 μL h−1, 30 mm, 10 kV) 
was optimised to account for the reduced chain entanglements in the polymer. In this 
case, Tm was reduced from 90 °C to 78 °C, or else the fibres did not cool and solidify 
sufficiently over the 30 mm collector distance prior to deposition and began to spread 
non-uniformly on the collector. 
7.2 MELT ELECTROSPUN FIBRE DEPOSITION PHENOMENA 
In melt electrospinning, several factors combine to dampen the bending 
instabilities typically experienced by the solution electrospinning jet, which lead to 
characteristic whipping and dispersed fibre deposition: polymer melts have relatively 
high viscosity and are non-conductive (typically with electrical conductivity less than 
10
−10
 S m
-1
); while the absence of solvent greatly reduces the surface charge density; 
and once the temperature of the melt electrospinning jet is below the Tg of the 
polymer, whipping of the jet is suppressed by fast solidification in the 
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electrospinning region, where greater disturbance forces are required to overcome the 
surface tension. The initial stable region of the melt electrospinning jet is relatively 
much longer and in Chapter 3 the melt electrospinning jet was observed to travel in 
a straight line from the spinneret to the collector. As the jet impacts a stationary flat 
collector, it was observed to buckle under longitudinal compression, causing the 
fibres to coil around the initial centerpoint of collection. Such coiling patterns 
resemble those created by uncharged jets of highly viscous fluids impinging a hard 
flat surface. 
Whereas in solution electrospinning the whipping effects cause fibres to 
immediately deposit over a relatively large surface area, in melt electrospinning fibre 
deposition and buckling was observed to be initially relatively focused. However, the 
deposited fibres retained a small amount of residual coulombic charge and began to 
insulate the melt jet from the conducting collector as the stored charge built up. Over 
time, newly depositing fibres were repelled outwards from the initial collection point, 
where the surrounding uncovered collection surface provided less resistance to 
charge being transported to ground. The result was a growing circular mesh of coiled 
fibres with relatively uniform thickness.  
As the fibre density of the melt electrospun nonwoven increased, the jet was 
observed to be repelled from like charged fibres and attracted to the unexposed part 
of the stationary collector. As the point of contact between the jet and the collector 
moved outwards to cover a larger surface area, this caused the jet profile to deviate 
away from the initial midline. This deformation of the jet profile was resisted by 
viscoelastic tensile stresses in the melt jet until the increasing tension resisted any 
further travel away from the midline, and a maximum fibre collection area was 
reached. The tensile forces induced in the melt electrospinning jet dampened the 
compressive buckling forces, causing the frequency of coiling to decrease and the 
wavelength of coiling to increase; where the fibres began to coil in a pendulum 
motion around the perimeter of the mesh and stack on top of each other. Eventually 
the tension in the melt jet caused the stacks of fibres to spiral towards the center of 
the circular mesh. With the build-up of repulsive charge in the mesh, the melt 
electrospinning jet reduced in length to maintain sufficient electrostatic driving 
potential, seeking the highest point in the fibrous construct. The fibres stacked on top 
of each other to create a conical structure, growing upwards towards the spinneret. 
 242 
 
Such fibre deposition phenomena are not typically observed when solution 
electrospinning onto smooth, flat surfaces, due to several factors: the fibres are 
spread over a larger surface area due to whipping of the jet; and the enhanced build 
up in electric charge on the relatively flat mesh of deposited fibres sees the solution 
jet repelled away from the collector before 3D constructs can be fabricated. 
Therefore, these results indicated that melt electrospinning provided the potential for 
the fabrication of 3D structures using ultrafine fibres, not achievable using solution 
electrospinning. 
7.3 MELT ELECTROSPINNING WRITING 
Because Chapter 3 demonstrated that the area over which melt electrospun 
fibres deposit is limited when collecting onto a flat stationary collector, following 
this work, a computer controlled x-y stage was incorporated into the design of the 
melt electrospinning machine. This enabled the collector to be translated laterally to 
the path of the melt electrospinning jet so that fibres could be collected over larger 
surface areas while maintaining a uniform substrate thickness before the fibres began 
to grow as cones towards the spinneret, as well as to investigate the ability to remove 
the random coiling nature of fibre deposition. 
Chapter 3 and 4 showed that optimal control over the melt electrospinning jet 
was achieved when the collector translation speed matched the melt jet speed: here 
the tensile drag force between the cooling jet and the collector balanced the 
compressive impact force, thus damping the buckling phenomenon. In this case the 
jet profile was straight, impacting the collector directly beneath the spinneret, which 
meant that the path laid down by the fibre matched the programmed pattern traced by 
the collector. As the melt electrospinning process parameters were varied to thin the 
melt jet (thereby reducing the final AFD), there was a corresponding increase in the 
jet speed and the frequency of fibre buckling. Therefore, increased collector 
translation speeds were required when writing with smaller AFD fibres in order to 
completely dampen fibre coiling. Collector translation speeds were optimised to 
match melt electrospinning jet speeds for a range of filament resolutions from single 
micrometre magnitudes to 50 μm. 
If the collector speed was increased above the jet speed, tensile drag forces 
outbalanced the compressive buckling forces, causing the point of contact between 
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the jet and the collector to “lag” behind the ideal point for writing (directly below the 
spinneret). In this case, the melt jet profile was deformed from a straight line to a 
concave profile and the resulting fibrous pattern did not match the programmed 
pattern translated by the collector. As the collector speed was further increased above 
the jet speed, the catenary profile of the jet became more pronounced as the distance 
between the point of deposition and the midline increased, causing further stretching 
of the jet and introducing more error between the programmed pattern and the 
resultant fibrous pattern. 
In Chapter 4, an algorithm was developed which enables geometric patterns 
(with repeating pore shapes) to be generated from the continuous overlay of layers of 
parallel lines; where the inter-fibre spacing and layer orientations can be used to 
directly control the pore size and shape. This design methodology was formulated 
based on the previously described observations about fibre deposition and melt 
electrospinning jet profile behaviour; by compensating for fibre coiling while writing 
with a continuous line. 
The ability to minimise the distance between parallel fibres when following a 
square wave writing approach was limited by the lag in the melt electrospinning jet. 
For example, 5 μm diameter fibres were shown to have a minimum turning diameter 
of 60 μm, which meant parallel fibres could not be located any closer using this 
approach. In order to write with parallel lines, the algorithm design was refined to 
incorporate runoff regions around the edges of each patterned layer, which 
compensated for the delayed response of the viscoelastic melt jet to changes in 
direction and allowed the jet time to rejoin the desired path of the programmed 
pattern. If square pores were desired, layers of parallel fibres were written, where 
each successive layer was oriented at 90° to the previous layer, and introduce a 20 
μm lateral shift in the parallel line pattern after each layer (so that the same path 
would be traced by the collector after every sixth layer iteration). The result was a 
fibrous structure with with an apparent periodic pore size of 20 μm. This strategy 
also improved the interconnectivity of pores (rather than creating “walls” of stacked 
fibres (which would provide a barrier to cell infiltration), as there were five layers 
building up the thickness of the scaffold before the next layer of fibres with the same 
orientation was deposited without an offset. To further improve pore 
interconnectivity, more layers at different orientations could be introduced into the 
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scaffold design. For example, successive layers of parallel fibres with a rotation of 
60° to the previous layer provided eight layers before a layer with the same 
orientation and no offset was repeated. 
In Chapter 5, it was shown that collecting fibres with an AFD of 6.8 ± 0.6 μm 
onto a static collector resulted in a nonwoven mesh, with an average pore size of 16 
± 6 μm. Scaffolds with such tightly packed fibres were deemed unsuitable for use in 
the development of a dermal substitute, not allowing sufficient cell infiltration into 
the scaffold. While it has been shown that increasing the AFD will increase the 
wavelength of fibre coiling on a stationary collector, and therefore the inter-fibre 
distance in a resulting nonwoven mesh, by using a MEW approach a scaffold could 
be created with increased pore sizes without increasing the fibre diameter. 
A geometrical scaffold design based on a series of interlaced diagonal lines 
was investigated to improve the efficiency of turning compared to in Chapter 4. 
Following one circuit of translation, the pattern was repeated with alternating 
rotations of 90°. The melt electrospinning jet was observed to deposit according to 
the straight line paths traced by the collector, thus resembling the programmed 
pattern design. The result was a scaffold with a uniform thickness and minimal fibre 
stacking, where the average inter-fibre distance was increased to 46 ± 22 μm 
(porosity 87%). While this diagonal line MEW approach increased the average pore 
size compared to using a stationary collector, it should be noted that there was a 
relatively broad distribution of inter-fibre distances: ranging from 8 to 133 μm. 
Furthermore, such a pattern consisting of overlapping diagonal lines did not provide 
a consistent pore shape across the structure as seen when using a parallel line-based 
geometrical approach in Chapter 4. 
7.4 TUBULAR SCAFFOLDS 
Chapter 6 shows that when a computer-controlled rotating tubular collector 
was placed on top of the translating collector, the melt electrospinning jet could be 
continuously wound onto the tubular collector. Adjusting the take-up speed (at 
speeds above the jet speed) allowed control over the AFD due to induced mechanical 
drawing, as well as controlled fibre alignment. At relatively low Tm, there was no 
bonding between the wound fibre at the points where it crossed over itself, therefore 
a single fibre was wound, similar to melt spinning. By increasing Tm, the wound 
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fibre bonded at the crossover points. Such an approach may prove to provide a more 
efficient method than braiding or knitting to create novel porous tubular structures 
using biodegradable microfibres. A computer programme was written which 
coordinated the rotational speed of the tubular collector with a back and forth 
translation, lateral to the path of the melt electrospinning jet. The relative speed 
between the tangential speed of rotation and lateral translational could be adjusted to 
control the winding angle of the melt jet; where tubes with winding angles from 30 to 
60° were readily fabricated. By defining the winding angle, tubular structures with 
controllable micro-patterns and mechanical properties could be fabricated using 
micron diameter fibres. In particular, the porous architecture of the tubular structure 
could be designed in terms of parameters including: number of pores; pore size and 
geometry; as well as total porosity. A preliminary finite element model was 
established as a predictive design tool, based on winding angle, AFD and a PCL 
material model: which determined the number of fibre crossover points of fusion for 
fixed gross tube dimensions and simulated the response to various loading 
conditions. This model was assessed against mechanical testing of melt electrospun 
tubes to confirm that a reduced winding angle provides improved mechanical 
stiffness to uniaxial tension and compression. 
7.5 POTENTIAL OF MELT ELECTROSPUN SCAFFOLDS FOR TISSUE 
ENGINEERING 
 The work in this project involved the development of a technology platform 
which addresses the shortfalls within AM and solution electrospinning scaffold 
fabrication methods, demonstrating the fabrication of TE scaffolds with features 
unseen until now: reproducible 3D scaffold designs with precisely controlled fibre 
placement and porous architectures sufficiently large to promote cell infiltration; 
fibre resolutions approaching submicron magnitudes to promote cell attachment; and 
the use of biocompatible polymers which can be processed directly, without 
cytotoxic issues. Combining the preferential aspects of AM with solution 
electrospinning is expected to have a significant effect on future TE scaffold design 
approaches. 
In Chapter 5, a 3D representation of a MEW scaffold (AFD 7.5 ± 1.6 μm) 
using μCT analysis demonstrated a porosity of approximately 87%, compared to the 
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current limit of approximately 75% for FDM scaffolds (where the smallest 
achievable filament size is in the 100s of microns). MEW enabled the fabrication of 
scaffolds with defined architectures where the average pore size was increased, 
compared to collecting randomly coiled fibres on a stationary substrate, thereby 
promoting cell infiltration. SEM and histological characterisation showed that these 
MEW scaffolds were fully infiltrated by human dermal fibroblasts in vitro, following 
a top-seeding method, with cells present throughout and underneath the scaffolds. 
Following 7 days in vitro, immunohistochemistry confirmed the presence and even 
distribution of key dermal ECM proteins, collagen type I and fibronectin, deposited 
by the cells throughout the scaffold, as well as cellular anchorage to the MEW fibres. 
Additionally, full cellular penetration, as indicated by the presence of fibroblast 
nuclei throughout the scaffold, occurred after 14 days in vitro. The orderly placement 
of fibres, in conjunction with low micron-diameter fibres, resulted in a 3D fibroblast-
scaffold construct suitable for TE applications, such as the development of a human 
dermal substitute. 
The scaffolds that are used in TE are generally meant to provide provisional 
substitutes for ECM, providing a temporary structural support combined with 
specific biochemical signals that encourage cells to create their own ECM 
environment. However, the ECM is much more than a static mechanical support for 
tissues. It provides the physical microenvironment of a cell. Cells are not only 
affected by material composition, but also by the topography and mechanical 
properties of the scaffold. In Chapter 6 a series of in vitro studies showed tubular 
melt electrospun scaffolds fabricated in a direct writing mode exhibit excellent cell 
compatibility and were shown to support the growth of three different cell types in 
vitro. After 14 days of in vitro culture under osteogenic induction, CLSM imaging 
showed hOBs were homogeneously distributed over the entire fibrillar network, 
generally displaying a  healthy spreading morphology, where FDA/PI stainings 
confirmed a cell viability Similar to hOBs, mOBs showed good attachment and then 
proliferated over a culture period of 4 weeks, forming a mineralised ECM not only 
on the scaffold fibres but also inside and across the pore architecture. Human 
mesothelial cells cultured onto PCL scaffolds were able to proliferate and span pores 
similarly to the hOBs, where after 28 days cell viability and imaging analyses using 
CLSM and SEM showed a cell viability > 90%, exemplifying the excellent cyto-
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biocompatility of these structures. Taken together, these in vitro studies demonstrate 
that a variety of cell types were able to entirely infiltrate the fibrillar scaffolds and 
that the specific architecture obtained by the combination of melt electrospinning and 
a direct writing process is favourable for cell spanning between adjacent fibres. 
Future work focused on the design and implementation of in vivo studies is 
recommended to further explore the potential of this unique scaffold design concept. 
7.6 FUTURE DIRECTIONS 
This project demonstrates the development of a new melt electrospinning direct 
writing technology platform which provides the ability to fabricate a vast array of 
novel biodegradable polymer scaffolds with varying gross sizes and architectures 
(including tubular constructs) and thicknesses up to 1 mm. This allows TE scaffolds 
to be designed and reproducibly fabricated with limitless variations in the 
combinations of fibre size (where currently AFD can be controlled from 
approximately 1 μm and above) and placement; allowing the design of porous 
architectures with varying shapes and repeatable pore sizes from 20 μm upwards 
(currently). In the near future, such scaffolds will find broad applications in TE and 
RM research, allowing a multitude of cell/fibre/pore morphology interactions to be 
investigated both in vitro and in vivo; where the scaffolds can be designed with high 
geometric fidelity and multilevel porosity to promote cell infiltration for a variety of 
cell types and sizes. 
Although significant progress has recently been made in the fundamental 
understanding and modelling of the melt electrospinning process, further advances in 
the theoretical understanding of the heat transfer, stress response, in-flight 
crystallisation, charge transfer and dissipation mechanisms for viscoelastic melt 
electrospun polymer materials, coupled with knowledge of their behavioural 
response over varied operating parameters and spinning zone conditions will assist in 
improved process optimisation, performance and allow new materials to be melt 
electrospun. Continuing technical developments in melt electrospinning devices are 
necessary to assist research into these aspects of the fibre-forming process, while 
improving production efficiency to address issues such as: high throughput; accuracy 
and reproducibility in all fabrication stages; as well as safety, environmental and 
regulatory concerns. The convergence between theoretical modelling and real-time 
 248 
 
control over operating parameters, such as ambient conditions which have been 
demonstrated to strongly influence the properties of electrified jets and the resulting 
electrospun materials, will be significant - where climate-controlled systems 
guaranteeing temperature and humidity control within certain ranges may become 
widespread in the near future. 
While evolving machine designs will improve control over the parameters 
(including temperature profiles and accurate melt supply) which govern fibre 
formation and control AFD, importantly, variation of these in-process operating 
parameters will allow control over the magnitude of AFD from 100s of μm down to 
100s of nm without ceasing the process. Recent melt electrospinning device designs 
such as multiple needle and needleless configurations have demonstrated viable 
pathways to upscale fibre production for industrial implementation. Coupled with 
strategies such as the addition of viscosity reducing additives to the bulk polymer 
prior to processing, the continual manufacture of significant quantities of melt 
electrospun fibres with AFDs approaching nanofiber magnitudes will be readily 
demonstrated for a range of polymers. 
The incorporation of bioactive agents either by mixing, encapsulation, or by 
covalently attaching them to electrospun fibres is one area under investigation to 
improve the biofunctionality of TE scaffolds, where embedded proteins present 
topographical and biochemical signals to encourage cell proliferation. While many 
kinds of biomolecules, copolymers, and polymer blends have been solution 
electrospun (including: fibroin in water-soluble polymers; PCL/gelatin; mixtures of 
collagen with elastin; PLLA/gelatin; as well as mixtures of chitosan with PEO), the 
use of biologically-derived polymers as components of melt electrospun TE scaffolds 
may be compromised due to their susceptibility to denaturation during melting and 
the application of HV. In other cases heat-labile drug components can decompose at 
higher process temperatures or extended heating times can lead to degradation of 
synthetic polymers. The addition of plasticisers to lower the process temperature of 
the polymer is emerging as one strategy to avoid undesired thermal degradation. In 
the future, new polymers may be synthesised which retain the favourable mechanical 
properties of high Tm technical polymers, while being characterised by lower Tm.  
On the other hand, the development of co-axial and multi-axial spinneret 
designs will allow greater flexibility towards the materials which can be processed in 
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combination. Coaxial electrospinning has been shown to be useful for the 
encapsulation of nonspinnable materials such as nanoparticles or conjugated 
polymers exhibiting poor thermoplastic behaviour, enzymes, proteins, and cells, 
where biologically active objects may be protected not only from the shell material, 
but also from the effect of the electric charges which concentrate on the outer surface 
of the compound jet. Multifluidic coaxial electrospinning has been recently 
developed using three coaxial capillaries, where a chemically/thermally inert middle 
fluid may act as a spacer between the outer and inner fluids, and the uncharged core 
droplet is incorporated into the shell of the jet only by viscous forces. The separated 
control over the injection of each fluid will drive new core/shell composite fibres, 
hollow tubes and surface functionalisation using various coatings, where the ability 
to precisely adjust the material ratios allows effective tailoring of fibre properties to 
obtain new and desired morphologies and functionalities.  
 These progressions will in turn extend the materials available in melt 
electrospun fibre form from synthetic and biological polymers to metals, metal 
oxides, ceramics, organic/organic, organic/inorganic as well as inorganic/inorganic 
composites – where the favourable properties of the organic materials (flexibility, 
processibility, light weight) may be combined with those of the inorganic materials 
(hardness, thermal stability, chemical resistance, optical function). Added to this, 
continued control over specific structural features of fibres, such as phase 
morphology and surface topology will enhance the unique magnetic, optical, 
electronic, sensoric and catalytic functions specific to ultrafine fibrous architectures. 
As improved process control and reproducibility is demonstrated for an ever 
expanding range of melt electrospun thermoplastic and functional polymer materials, 
the research focus will shift towards applications suited to the particular properties 
and characteristics of each material, as well as the manner in which fibres are 
assembled. The melt electrospinning process is compatible with many altered device 
configurations, allowing different fibre collection approaches to produce a variety of 
fibrous structures. Due to the near absence of bending instabilities, the trajectory of 
the melt electrospinning jet is predominantly a straight line, which may enhance the 
benefits of other fibre spinning processes: where nonwoven substrates similar to 
solution electrospinning and pressurised gas fibre spinning approaches may be 
produced with the potential for improved control over fibre placement. This will lead 
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to nonwoven substrates with more uniform thicknesses and porosities, as well as 
opportunities for aligned fibres by collecting onto rotating drums. 
This project has demonstrated the adaptation of AM principles during the 
development of a MEW process, allowing the design and fabrication of 3D structures 
with controlled arrangements of ultrafine fibres for TE applications. With further 
reductions in achievable AFD, improved fibre placement (particularly through 
improved control over fibre charge effects), strategies for upscaling production and 
more compatible materials, this process will drive the rapid development of novel 
strategic applications in a variety of industries in the near future; thus opening 
commercialisation perspectives for these materials in fields such as textiles, filtration 
and electronics. Added to this, a broad range of applications in biomedicine are 
expected to be ready for market in the medium-long term, considering the longer 
time scales which are required to satisfy international regulatory bodies. 
In AM machines, one current trend is to incorporate multiple material 
dispense heads to enable the fabrication of complex multicomponent materials. It is 
anticipated that melt electrospinning will soon be integrated as a further option in 
such approaches. As well as finding applications as a standalone process, melt 
electrospinning principles may also be incorporated into other fibre forming 
processes to facilitate process improvements; particularly as these technologies 
evolve and their distinguishing features overlap to meet the processing demands of 
newly developed functional materials and assembly methods of novel structures. 
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